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Template synthesis is a general and powerful approach for preparing nanomaterials that 

entails synthesizing the desired materials within the pores of a micro or nanoporous membrane.  

In our research, two aspects based on template synthesis are addressed: the use of templated 

nanomaterials in developing 3-dimensional (3-D) solid-state Li-ion batteries and investigation of 

novel structures of carbon-based nanomaterials. 

Due to the planar configuration, traditional 2-D parallel-plate batteries face the challenges 

in achieving both high energy and high power density per unit area at the same time.  A proposed 

concept of “3-D battery architecture” shows the great promise by incorporating the 3-D 

nonplanar electrode configuration.  In our research we developed a nanofabrication strategy 

to create a prototype 3-D solid-state Li-ion battery in which the template-synthesized nano-

electrodes and the polymer electrolyte were used.  The battery showed very stable cycling 

performance and high coulombic efficiency when operated at room temperature.  The fast 

capacity decay with increasing discharge currents was observed.  This is mainly attributed to the 

low ionic conductivity of the solid polymer electrolyte at room temperature. When increasing the 

temperature to a reasonable extent, we observed the delayed capacity drop and dramatically 
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improved rate capability of the prepared battery.  In comparison with currently reported 3-D 

batteries, our prototype solid battery incorporated with template-synthesized nano-electrodes and 

the polymer electrolyte showed the great advantages of high cell voltage, superior rate 

capabilities, stable cycling performance and improved safety due to its solid-state design. 

  Carbon-based nanomaterials are rapidly growing area of research.  They showed potential 

applications ranging from electronic, medical therapy, energy storage and conversion.  Based on 

the combination of template synthesis and chemical vapor deposition (CVD), we investigated 

two novel carbon nanostructures: nanofibrous carbon/metal composite materials and carbon 

nanotubes with diamond-shaped cross-sections (DCNTs).  Structure characterizations such as 

SEM, TEM indicated the prepared materials were freestanding, compact and highly dense fibers 

or tubes with controlled dimensions in nano-scale.  These new carbon nanostrctures are 

promising candidates for nanoscale electrical interconnects, battery electrodes, sensing and field-

emission devices. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Introduction 

Since firstly predicted by Richard Feynman in 1959,1 nanotechnology has been of 

tremendous interest from both a fundamental and an applied perspective.  Currently, it is a 

cutting-edge technology in wide areas ranging from material science to device fabrication.  The 

impetus for nanotechnology stems from the discovery of the unique properties of materials in 

nanoscale compared to its bulk scale.  And the essential of this technology is to control a matter 

on the nanometer scale as well as fabricate devices on the same length scale.  Exploration of 

diverse applications is a critical issue in today’s nanotechnology research. 

Among numerous (chemical and physical) methods for preparing nanomaterials,1, 2  one 

technique called “template synthesis” has been widely explored in Charles Martin group.  With 

this method, a variety of nanomaterials including organic and inorganic materials have been 

prepared and their related applications have been explored.  One big field explored in Martin 

group is the nanomaterials applied for energy storage and conversion, in particular, Li-ion 

batteries.  Despite the commercial success of Li-ion batteries during the past decade, the more 

demanding and exotic application of these batteries arise the new challenges for both battery 

materials and battery systems.  One possible solution revealed by fundamental research is to 

integrate nanotechnology, for example, nanoscaled battery components. 

My research explored the implication of template synthesis especially in nanostructured 

Li-ion batteries and nanostructured carbon-based materials.  

Nanostructured Materials by Template Synthesis 

The history of template synthesis applied in nanomaterials can be traced back to 1970, in 

which metal nanowires were prepared by Possin.3  However, until the late 1980s and early 1990s, 
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this method was re-explored and became a general method for preparing nanomaterials.4-6   As 

the name suggested, template synthesis involves synthesizing materials by using a template as a 

mold.   The typical template is a solid membrane which contains cylindrical micro- or nanopores.  

By depositing the desired materials into each pores of the template, micro-or nanostructured 

materials can be obtained.  Common templates include organic (i.e. polymer) and inorganic (i.e. 

anodized alumina) membranes.  In most cases, the porous templates we used contain pores in 

nanometer size and thickness in micrometer, which gives the aspect ratio on the order of 10.  

Depending on the deposition method and interactions between the deposited material and the 

pore wall, the resulting nanostructures can be either tubular (hollow) or fibrous (solid).  The host 

template membrane can then be removed in order to expose the nanostructured materials.  

Removal of the template can be achieved by chemical (i.e. acid/base dissolution) or physical (i.e. 

plasma etching) methods, which should be compatible with the synthesized materials.   Martin 

group has applied template synthesis method in preparing a variety of nanostructured materials 

including metal,7, 8 semiconductor,9 polymer,10 carbon,11, 12 and Li-ion battery materials.13-18 

Template Used 

Track-Etch Membrane 

The term track-etch refers to the pore-production process in two steps.19, 20  In the first step, a 

solid membrane (usually dielectric materials) is exposed to a collimated beam of high-energy 

nuclear fission fragments, which leaves randomly-distributed damage-tracks in the film.   This 

high energy (on the order of 2 GeV) of the fragments ensures that the tracks span the entire 

length of the membrane (typically from 6 to 10 µm).  After this step, the reactive chains end at 

the damage-tracks in the film.  In the second step, the latent ion tracks with the reactive chains 

are chemically etched with a strong base solution to form uniform pores.  Usually before 

chemical etching, irradiation of the film is performed in that it allows the latent ion track to be 
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preferentially etched by the chemical etchant.  One ion creates one track, which in turn becomes 

one pore.   Pore densities depend on the fluence of the heavy ion beam and the duration that the 

film is exposed to the fission fragment beam.  Pore sizes depend on the chemical etching 

conditions such as etching time, etchant temperature and strength.   Pore geometries depend on 

the membrane material, etchant composition, temperature, etc.  Most micro-and nanoporous 

track-etched membranes are commercially available (e.g., GE Osmonics) in a variety of pore 

geometries, pore sizes and membrane materials.21  Pore densities range from 104 to 108 pore cm-2 

and pore diameters range from 10 nm to 20 µm.21 

Among various commercial track-etch membranes, polycarbonate is one of widely used 

membranes in Martin group.  A scanning electron micrograph of the surface of a polycarbonate 

template is shown in Figure 1-1.   The chemical composition of polycarbonate is (OOC-O-C6H4-

C(CH3)2-C6H4).  During etching, the chemical bonds on both sides of the carbonate group (-O-

(C=O)-O-) are attacked by a basic etchant and ruptured to form carbonate ions CO3
2-, while 

diphenylol HO-C6H4-C(CH3)2-C6H4-OH is also formed at the same time.  The commercial 

polycarbonate membrane contains cylindrical pores, but as the pore diameter is reduced to the 

smaller nanoscopic dimensions the shape of the pore becomes like a cigar, slightly tapered at the 

ends.  The formation of “bottleneck pores” is attributed to following two possible explanations: 

one is because the fission fragment which creates the damage track also generates secondary 

electrons.  These secondary electrons contribute to the damage along the track too.  The number 

of secondary electrons generated at the faces of the membrane is less than in the central region of 

the membrane, and leads to the formation of “bottleneck” pores; the second explanation is that 

the surfactant protective layer adsorbed to the surface of the membrane retards the local etching 

process.20 
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       In the production of template-synthesized nanostructured electrodes for Li-ion batteries, 

track-etched polycarbonate templates are commonly used.  This is because these templates can 

be easily removed under conditions which do not adversely affect the nanostructures themselves.  

The wide variety of commercially available pore sizes and pore densities can generate 

comparative structures of differing geometries that are key tools for fundamental study.  

However, one disadvantage of track-etch polycarbonate for their application to electrode 

materials is its low porosity (2-10%).  And this low porosity represents the low ratio of battery 

active materials occupied in a given footprint area or volume on the current-collector surface. 

Other than polymer templates, another type of track-etch templates used for synthesizing 

nanostructured materials are inorganic single crystal muscovite mica (KAl2(AlSiO3O10)(OH)2) 

(Figure 1-2).  Compared to the amorphous polymer membrane, track-etched mica has several 

unique properties.   First, the surface of etched mica template is extremely smooth.  It is a good 

candidate to be the platform for AFM imaging of DNA22  and support layer for lipid bilayers.23  

Second, the track-etched muscovite mica always has diamond-shaped pores with inner angles 

close to 60° and 120°, and all the pores have same size, shape and orientation.24   By correlating 

the results of scanning electron microscopy and X-ray diffraction on etched mica crystals, it was 

found that the orientation of the diamonds is exactly the same as that of the mica unit cell.  The 

four sides of the diamonds are parallel to the four oxygen-terminated planes within the unit cell.  

These facts point out that the diamond–shaped pores have their origin in the mica crystal 

structure.24  The slowest etching planes are the ones terminated by oxygen.24, 25  As a result of 

this etch-rate anisotropy, pores etched in mica have diamond-shaped cross-sections, rather than 

the circular-shaped pores produced in amorphous polymer membranes. 
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Porous Anodic Aluminum Oxide (AAO) Membrane 

The anodic aluminum oxide (AAO) membrane is one of the widely used nanopore 

templates.   It is fabricated by anodization of aluminum metal in an acidic environment which 

causes the metal to be etched into a porous structure.26-31   Unlike the track-etch process, the 

aluminum anodization is highly systematic, which generates a highly-ordered hexagonal pore 

array with cylindrical pore shapes.  The pore density of alumina template can be prepared on the 

order of 1011 pore/cm2, which is about 3 orders of magnitude higher than the pore density of 

track-etched polycarbonate.   The high pore density of the template results the high porosity 

(~50%).  These alumina template are commercial available as filter membranes (Whatman) as 

one shown in Figure 1-3.  The available nominal pore sizes are 20 nm, 100 nm and 200 nm.32  

The thickness of the membrane ranges from 10-100 µm.  However, pores in commercial alumina 

membranes branch into many smaller pores near the tips of one face of the membrane due to the 

voltage reduction technique used during the anodization.31  The inorganic alumina membranes 

have much greater mechanical stability and chemical resistivity than polycarbonate.   The great 

mechanical stability is of a benefit for integrating the alumina template into the device 

assembling.33, 34  However, the chemical resistivity indicates the harsh alumina dissolution 

conditions, and this could be a disadvantage for preparing most of battery electrode materials 

with one exception, carbon.   For chemical vapor deposition (CVD) of carbon within the alumina 

template, it is the chemical inertness of this template that allows carbon to be deposited under 

high temperatures.  Although there are several other techniques35-38 for preparing nanostructured 

carbon,  CVD-based template synthesis of carbon within the alumina template provides the 

unique advantages such as high density, monodisperse pore distribution, well-alignment, 

simplicity and low-cost.   By varying the experimental conditions and the pore geometries of 
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alumina templates, carbon with different properties such as crystallinity and geometries can be 

prepared.39-41  It is also notable that the alumina structure is electronically insulating. 

Our lab also synthesizes “home-grown” alumina template.  The detailed synthetic process 

is described in our previous papers.42, 43   These templates are similar to the commercial ones but 

without pore branching near the tips of one face of the membrane. This is often preferred for use 

as templates.  Also, control over the synthetic conditions allows us to tailor pore diameters and 

thickness for our specific application.  The applications of these alumina templates that have 

demonstrated in our lab alone are as diverse as enantiometric-separations,44  templates for carbon 

nanotubes,12 plasma-etching masks for preparing nanostructured battery materials.14 

Synthetic Methods 

As we mentioned earlier, template synthesis method involves two parts: template 

membranes and material synthesis.  The strategies of material-deposition employed in template 

synthesis are usually adapted from those for preparing bulk materials.  Based on the properties of 

the membrane materials, different deposition strategies are applied for preparing compatible 

nanostructured materials.   Until now, the deposition strategies used in Martin group include 

electrochemical 43, 45, 46 and electroless deposition,47, 48 chemical49 and electrochemical 

polymerization,50 sol-gel deposition,15, 51 chemical vapor deposition.12, 39, 52, 53 

Sol-Gel Deposition 

Sol-gel chemistry is a powerful route for preparing inorganic materials.   Although firstly 

discovered in late 1800s, sol-gel technique gained renewed interest in the early 1970s for its 

extensive application in the production of glasses.   

As the name implies, sol-gel process typically entails the hydrolysis of a solution of a 

precursor molecular to obtain firstly a suspension of colloidal practical (sol) and then form a 

continuous liquid-filled solid network (gel) composed of aggregated sol particles.  The 
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amorphous gel may then be thermally treated to yield a more crystalline product.  Compared 

with other methods for preparing inorganic materials, sol-gel chemistry provides several unique 

advantages.  For example, high-purity materials can be synthesized at a lower temperature.  

Homogenous multicomponent materials can be obtained by mixing their precursor solutions; this 

allows for easy chemical doping of the materials prepared.54 

Martin group has investigated the use of sol-gel-based template synthesis within the pores 

of the alumina and polycarbonate membrane to prepare nanostructured inorganic oxide materials. 

These include semiconductors (TiO2, WO3, ZnO, SiO2) and Li-ion battery intercalation materials 

(V2O5, SnO2).9, 13, 15, 16, 51   In a typical sol-gel template-synthesis process, a template membrane 

is firstly immersed into a precursor solution of the material for a given period of time to allow 

the precursor deposit in the pores.  Then the precursor is hydrolyzed into the sol under desired 

conditions, followed by the further drying and heat-treatment to convert into the desired 

materials.  Same as other template synthesis methods, longer immersion yield fibers while short 

immersion produces tubes.  The formation of tubes after a short immersion indicates that the sol 

particles adsorb to the pore walls of the template membrane.  This can be explained due to the 

electrostatic interaction between the positively charged semiconductor sol particles and 

negatively charged pore walls. 54  Also, it has been found that the rate of gelation is faster within 

the pore than in bulk solution.  This is most likely due to the enhancement in the local 

concentration of the sol particles owing to their adsorption on the pore walls.  

The precursors used in sol-gel chemistry consist of a metal or metalloid element 

surrounding by various reactive ligands.  The most popular precursor is metal alkoxides because 

they can easily react with water.  Some examples include tetraethoxysilane (TEOS), 

tetramethoxysilane (TMOS) and triisopropoxyvanadium (TIVO).  In Chapter 2, I will discuss the 
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application of sol-gel chemistry of TIVO in preparing the nanostructured cathode for Li-ion 

battery research. 

Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is a versatile process in which gas-phase molecules are 

decomposed to reactive species, leading to film or particle growth. 55  CVD can be used to 

deposit a variety of conducting, semiconducting and insulating materials.   Two advantages can 

be obtained from CVD technique: the ability to controllably create films of widely varying 

stoichiometry and to uniformly deposit thin films of materials, even onto nonuniform shapes. 

The most prevalent application of CVD is the deposition of hydrocarbon precursor into a 

porous host (i.e. zeolite, inorganic membrane) to prepare nanostructured carbon.11, 12, 39, 56   

Martin group and others have synthesized the nanotubular/nanofibrous carbon that involves 

CVD of carbon within the pores of alumina templates.8, 11, 12, 39, 57-59  The heat-tolerance and high 

pore-density of alumina membranes make them good templates for CVD.   Moreover, alumina 

templates can be chemically dissolved after CVD process, leaving an array of carbon tubes/fibers.  

The schematic of a general experimental setup of CVD is shown in Figure 1-4.   This involves 

placing an alumina membrane in a high temperature furnace (~700 oC) and passing a carbon 

precursor gas such as ethylene or propylene through the membrane.   Thermal decomposition of 

the carboneous gas occurs throughout the pores, resulting in the deposition of carbon along the 

length of the pore walls (i.e. carbon tubes are formed within the pores).  As a characteristic of 

template synthesis, the outer diameter of the carbon tubes is dependent on the diameter of pores 

in the template, while the inner diameter of the tubes depends on the CVD duration, precursor 

gas pressure and flow rate.  An inert gas such as Ar flows during the heating and cooling stages 

of the CVD process.  During the heating process, this inert gas ensures deposition begins only 

after the desired temperature.  Also, this inert gas prevents oxidization of freshly deposited 
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carbon to CO2 during the cooling process.  It is noteworthy that during CVD both faces of a 

template membrane are also coated with carbon, which turns to be carbon films connected on the 

both ends of carbon nanotubes or fibers. 

Typically, the CVD-synthesized carbon nanostructures have the cylindrical geometry and 

the circular cross-section due to the cylindrical pores in the alumina template.  Recently, Masuda 

et al. developed a new type of alumina templates with non-circular cross-sections and non-

cylindrical geometries (i.e. triangular and square-shaped pores). 41, 40  By using the template with 

triangular-shaped pores, triangular-shaped carbon nanotubes were prepared by CVD in this 

template.  Also, in the previous section of “track-etch membrane”, one type of track-etch 

templates, single crystal mica, was described.  This template has unique diamond-shaped pores 

and ultra-smooth surface due to its highly crystalline structure.  Very recently, Martin group 

explored CVD synthesis of a diamond-shaped carbon nanotube within this mica template.  The 

detailed discussion will be presented in Chapter 4.  Compared to the conventional carbon 

nanostructures with cylindrical geometries, these non-cylindrical carbon nanostructures might 

have potential applications, for example, in modifying field-emission properties of CNTs.60 

Electrochemical Deposition 

Electrochemical deposition, also interchangeably named as electroplating, has thrived as an 

industrial technique for metal deposition for several decades.   An electrochemical deposition 

cell consists of an anode (often sacrificial), an electrolyte (the target-ion source) and a cathode 

(target plating site).  By passing an applied stimulus (current or potential), the target metal ions 

can be reduced on the cathode to form solid metal film.  The thickness of this film is governed by 

quantity of charge applied (current ×time) and the number of electrons required per reduction 

reaction.  
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In Martin group, we adapted this established process into our template synthesis for 

electrochemically depositing nanostructured materials into porous templates.  The schematic of 

this process is shown in Figure 1-5.  Both AAO and track-etched polycarbonate have been used 

as the template membranes.  During the deposition process, one face of the porous membrane is 

firstly coated with a thin metal film via ion-sputtering or thermal evaporation.  This metal film 

serves as the cathode in this configuration for reduction of metal ions (deposition of metal) inside 

pores of the template.  Generally, the synthesized materials grow from the bottom upwards as 

solid fibers.  Depending on the amount of metal deposited, either short or long fibers can be 

obtained.  In our group, a variety of nanofibrous metals has been prepared including copper, 

platinum, gold, silver and nickel fibers.7, 43, 61-65 

However, with modest pretreatment of the template, hollow metal tubes can also be 

obtained by this deposition strategy.  It is done by derivatizing the pore wall with a “molecular 

anchor”, prior to electrochemical deposition.  The challenges for this method are to identify 

chemistry for forming the metal within the pores of the template, to identify a suitable molecular 

anchor and to develop chemistry for attaching this anchor to the pore walls in the template.  By 

using organocyanide silane-alumina chemistry, Martin group has prepared Au nanotubes with 

controllable inner diameter in alumina templates. 7  

Other than deposition of metals, Martin group also demonstrated the electrochemical 

deposition of nanostructured polymers within nanopore templates.   Various conductive polymer 

materials with nanotubular or nanofibrous structures have been prepared including polypyrrole, 

poly(3-methylthiophene) and polyaniline.66  At the beginning of the deposition, polymers grow 

as tubes inside the template.  This is due to the solvophobic interaction between the soluble 

monomers and insoluble polycationic-forms, by which the polymers are pulled to the pore walls.   
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Also, the electrostatic interaction pulls the cationic polymer to the anionic sites on the pore 

wall.66  Depending on the deposition duration, thin-walled or thick-walled or solid-fibrous 

polymer can be obtained. 

Electroless Deposition 

Different with electrochemical deposition, electroless deposition does not require the 

electronically-conductive substrate.  This is because this deposition method relies on the use of a 

chemical reducing agent to deposit metal from the solution onto a surface.67  Metals can be 

deposited into a porous template without conductive coating of the template.  Martin group has 

developed the methods for electroless-depositing gold and other metals into the porous alumina 

and polymer templates.8, 47, 68, 69  In the gold plating process, the polycarbonate membrane is 

firstly sensitized by Sn (II) ions, followed by being replaced with the noble Ag metal particles in 

a AgNO3 solution, then followed by being replaced with the noble Au metal particles in a 

commercial Au plating solution.   As a result, all the exposed surfaces of the template (including 

the two faces and the pore walls) are coated with Au particles so that the Au tube spanning the 

entire length of the template is formed.   Same as electrochemical deposition, the thickness of the 

plated metal can be controlled by the plating duration.  However, the ability to control at will of 

the inner diameter of a tube is a distinct advantage over electrochemical deposition.  

Application of Template-Synthesized Nanostructured Materials 

Energy Storage and Conversion –Lithium-Ion Batteries  

Introduced in the early 1990s by T. Nagaura and K. Tozawa in SonyTec Inc., Li-ion 

batteries have occupied the major power-source market for portable and lightweight electronic 

devices.70  Table 1-1 compares several types of commercial rechargeable batteries.  Among all 

the batteries, Li-ion batteries show the advantages in high cell voltage, high energy (Wh L-1, Wh 

kg-1) and power density (W L-1, W Kg-1).   Figure 1-6 shows the schematic of the basic 
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configuration of a Li-ion battery.  Same as any battery system, a Li-ion battery consists of two 

electrodes (cathode and anode) in contact with an ion-conductive electrolyte.  The cathode and 

anode are the electrodes at which reductions and oxidations occur during the battery discharge, 

respectively.  Regardless of the direction of current flow, this convention (adopted from the 

discharge process) is obeyed. 

Li-ion batteries operate by reversibly intercalating Li ions in each of the two electrodes.  

Intercalation is a process by which guest species (Li ions) reversible insert/extract from the host 

matrix (electrode material) without significantly changing the structure of the host.  As shown in 

Figure 1-6, during battery discharge process, Li ions deintercalate from the anode (i.e. carbon), 

migrate through a Li-ion conducting electrolyte, and then intercalate into the cathode (i.e. V2O5). 

The ions then must rely on solid-state diffusion to fill the non-surface intercalation site.  

Meanwhile, to compensate for the movement of each Li ion, an electron must travel through the 

electrical circuit and provide power to the load.  During battery charge process, above process is 

reversed.  The general forms of the charge/discharge reaction at the cathode and anode of a Li-

ion battery are shown in Equation 1-1 and 1-2, respectively. 

 

Cathode:      MO2 + Li+ + xe-                          LixMO2                                                    1-1 

  

 

Anode:        6C + xLi+ + xe-                            LixC6                                                       1-2 

 

For the cathode materials in Equation 1-1, M represents a single or mixed transition metal 

compound which can be readily reduced/oxidized.  Co, Ni, Mn and V are commonly used 

Discharge

Charge 

Charge 

Discharge
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transition metals.  Almost all the cathode materials can be divided into two classes of materials: 

1) the layered compounds with an anion close-packed or almost close-packed lattice in which 

alternate layers between the anion layers are occupied by a redox-active transition metal, and 

then Li inserts into the essentially empty remaining layers. LiCoO2, LiNiCoO2 are the examples; 

2) more open structure such as V2O5.  The anode material shown in Equation 1-2 is carbon.  It is 

the discovery of carbonaceous materials that led to the commercialization of Li-ion batteries in 

the 1990s.70  Substituting Li metals (anode material in the early Li-ion batteries) with 

carbonaceous materials obviated the short-circuit problem.  When the Li metal is used as anode, 

Li dendrites are formed on this anode during charge process.  And these Li dendrites can 

penetrate through the separator membrane and cause short-circuit of batteries.  Until now, 

various types of carbonaceous materials have been investigated ranging from highly ordered 

graphites to disordered carbons.71, 72  

    Nanostructured Battery Electrodes 

For battery electrode materials, decreasing particle-size can shorten the solid-state 

diffusion distance for Li ions and increase the specific surface area for Li ions intercalation. 

The Li ion diffusion distance, together with Li-ion solid-state diffusion coefficient, affects 

the concentration polarization of Li ions during their intercalation/deintercalation process.  

Concentration polarization originates from the slow solid-state diffusion of Li-ions inside the 

solid electrode materials.  It is well-documented that the typical diffusion coefficients of Li-ions 

are extremely low, in the range of 10-11 to 10-15 cm2 s-1 although this value depends on materials 

and state-of-charge.  Therefore, when the Li-ions intercalate/deintercalate into an electrode, they 

are not able to solid-state diffuse rapidly enough to compensate for the facile nature of the 

insertion/extraction flux, and this results in concentration polarization.73  This problem is 

exacerbated when high currents are applied for a demanding application.   Since the diffusion 
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coefficient is an intrinsic property of electrode materials, we work with a strategy to decrease the 

electrode-particles size, for example using template-synthesized nanostructured electrodes.  This 

allows the intercalation sites to be closer to the surface, shortening the distance over which the 

sluggish solid-state diffusion must propagate.13, 15, 16  Other than the advantage of short solid-

state diffusion distance, nanostructured electrode materials provide increased surface area per 

total volume fraction.  This can decrease the current density at any give rate so that the sluggish 

electronic-kinetics of the system can be improved. 

The general procedure for template-synthesizing nanostructured battery electrodes 

involves the use of a porous membrane with cylindrical, monodisperse nanopores.   By using 

chemical or electrochemical deposition routes, the electrode active material is filled into each 

pore.   The material is then processed in a way to achieve the desired chemical property which is 

capable for Li-ion intercalation.  Meanwhile, the template can be removed by plasma etching or 

chemical dissolution.  After removal of the template, the resulted material maintains the fibrous 

or tubular structure which mirrors the geometry (length, diameter and number density) of the 

pores in the template.  Typically, fibers or tubes are 100-nm in diameter, 6 microns in length and 

108 elements per cm2.   This nanostructured electrode material will protrude from a lower current 

collector surface like the bristle of a brush.  Each electrode is electrochemically characterized in 

a half-cell system. 

The commercial battery electrode consists of three main components: the electrode active 

material, the polymer binder and the conductive material.   The active materials are usually 

micrometer-sized particles with diameter of 2-20 µm.   These discrete particles are mixed with 

the polymer binder and conductive materials into slurry and then coated onto a metal current 

collector.  The conductive material is to improve the electronic conductivity of the system, which 
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is very low in this system due to the point-contact of the particles.  The polymer binder is used to 

hold the materials together and ensure the good physical contact with the current collector.  

However, in our template-synthesized nanostructured electrode, only the electrode active 

material as well as the lower metal current collector is needed while other inactive (not capable 

of Li-ion intercalation) components are unnecessary.  This is because 1) the parallel electronic 

conduction and high density of nanofirbours or nanotubular materials greatly reduce the 

electronic resistance of the electrode material; 2) the structures are made to directly protrude 

from the surface of the current collector.  Therefore, our templated electrodes do not decrease 

volumetric and gravimetric energy density or involve complicate analysis.74 

Martin group have explored various templated nanostructured electrode materials 

including cathode13, 15, 17 and anode materials. 14, 16  All these materials have shown the superior 

rate capability (the ability to charge/discharge at high currents) than a traditional thin-film 

electrode at any given high-rate.   As illustrated above, this is undoubtly attributed to delayed 

concentration polarization resulting from the reduced Li ion solid-state diffusion distance 

(micrometer vs. nanometer) and the increased surface area of the nano-electrodes.   

Three-Dimensional Battery Configurations 

Recently, more demanding and exotic applications of the batteries have emerging, such as 

the electric component in hybrid vehicles and integrated power supply in 

microelectromechanical systems (MEMs).  The battery with high energy and power density, 

miniaturized size and improved safety become a critical issue for leading the next-generation 

battery technology.  However, current 2-D parallel-plate batteries with liquid (or gel) electrolytes 

are facing the difficulties to meet above requirements especially in powering devices with 

limited areal footprint, being integrated into the solid-state device and the safety.75 
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One way towards achieving above goals is to reconfigure current 2-D battery design, for 

example, into 3-D configuration design.75  In traditional 2-D batteries, the thick planar electrode 

can provide high energy density but also increase the power loss due to the slow diffusion of ions 

inside the thick solid electrode materials.  Thus, 2-D design trades off between the available 

energy density and the ability to deliver this energy without loss of the internal power.   However, 

this problem can be mitigated in 3-D battery configuration.  This is because in 3-D battery the 

electrodes are configured in 3-D nonplanar structure to increase the energy density of the battery 

per unit area while the ion transport distance can still be maintained on 1-D at micro-or 

nanoscopic level to minimize internal power loss.75 

Although the 3-D battery configuration is a new concept in Li-ion battery research, several 

strategies have been in progress and all of them are based on developing micro-or nano-scaled 

battery components.  Teeters et al. assembled the arrays of Li-ion nanobatteries by infiltrating 

the V2O5 xerogel cathode and polymer electrolyte into the nanopore alumina template, and then 

capped with a thin film of anode (Li metal or SnO2).34, 76  By combining colloidal crystal 

templating, nanocasting and CVD methods, 3-D ordered macroporous(3DOM) carbon was 

prepared by Stein et al..77, 78  And this 3DOM has been recently used to assemble an 

electrochemical cell by conformal coating a PPO/SPPO electrolyte layer, followed by infiltrating 

a V2O5 cathode.79  Another strategy in the 3-D battery research is developed based on 

microfabrication techniques.  Unlike the nano-scaled porous template used in the previous 

strategies, a photolithographic silicon or glass microchannel plate with holes of tens to hundreds 

nanometer in diameter was used for conformal and sequential deposition of cathode, polymer 

electrolyte and anode.80, 81   
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Although above strategies demonstrated the feasibility in assembling 3-D Li-ion batteries, 

the low cell operation voltage and poor cycling performance indicate some intrinsic problems in 

these battery systems.  Furthermore, the requirement of incorporation of liquid electrolytes in 

most of the strategies prevents the further applications of these 3-D batteries in solid-state 

devices.  Overall, the current 3-D battery research is still in its very early stage mainly due to the 

big challenge in ability of precise and controlled assembly of battery components in micro-or 

nanoscopic level without affecting their individual functions. 

Variations on a Synthetic Theme of Carbon-Based Nanomaterials 

One-dimensional nanostructured carbon has attracted great interests from both 

fundamental and applied perspective.82, 83  Its advantageous properties include the high surface 

area, excellent thermal and chemical stability, biological compatibility, low cost, environmental 

benign and diverse synthesis approaches.  The investigated applications of nanostructured carbon 

range from energy storage and conversion,12, 14, 84, 85 catalyst supports,82, 83, 86, 87  

nanoelectronics,88-92 chemical and bio-sensors.93-95 

Currently, several types of carbon nanostructures have been explored including carbon 

nanotubes,11, 12, 35, 38, 39, 57, 93, 94 carbon nanofibers,39, 96-98 carbon aerogels,99-101 carbon onions.102, 

103  Martin group, and others, has focused on synthesizing carbon nanofiber and nanotube 

ensembles using CVD-based template-synthesis methods.11, 12, 39, 49, 57-59   As the characteristic of 

template synthesis, the outer diameter of the prepared fiber or tube is controlled by the diameter 

of the pore in the template, while the inner diameter of the tube is controlled by CVD duration.  

Template-synthesized nanofibrous or tubular carbon has shown great potential for Li-ion 

batteries,12 fuel-cell technology12 and fundamental study of electroosmotic flow.11 

However, with the more extensive applications of carbon nanomaterials, novel structures 

of carbon-based materials are needed to be explored.  As we mentioned earlier in this chapter, 
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template synthesis is a powerful tool in creating diverse nanostructured materials, which can be 

found for various applications.  Therefore, by investigating a new type of the template membrane, 

or incorporating a new material-deposition strategy, or creating a new combination of deposition 

methods, one can continue in exploring novel carbon nanostructures which will be advantageous 

for certain applications or fundamental studies. 

In this research, two new types of carbon nanostructures are investigated: composite 

carbon/metal nanofibers and carbon nanotubes with non-cylindrical geometry and non-circular 

cross-section.  Both are prepared by using CVD-based template-synthesis method.  However, the 

combinations of different types of template membrane and deposition strategies result in two 

different carbon-based nanostructures.  These new carbon nanostrctures are promising candidates 

for nanoscale electrical interconnect, battery electrodes, sensing and field-emission devices.  

Chapter 3 and 4 will give the thorough details of investigation of these new carbon-based 

nanomaterials. 

Dissertation Overview 

The ultimate goal of this research is to demonstrate the capability of template-synthesized 

nanostructured materials in developing advanced miniature solid-state Li-ion batteries and to 

investigate new template-synthesized carbon nanostructures which have great potential 

applications.  It will begin with a discussion of the application of template-synthesized 

nanostructured electrodes into assembling 3-D nanostructured solid-state Li-ion batteries.  

Compared to traditional thin-film Li-ion batteries and other prototype 3-D Li-ion batteries, our 

assembled battery shows the unique advantages including high cell voltage, superior rate 

capability and cycling performance.  Next, two new carbon-based nanostructures are introduced 

including carbon/metal composite nanofibers and carbon nanotubes with diamond-shaped cross-

sections.  Both structures are achieved base on variation of CVD-based template synthesis 
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methods.  These new carbon nanostructures show the potential applications for electrical nano-

interconnect, battery electrodes, sensing and field-emission devices. 
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Figure 1-1. Scanning electron micrograph of the surface of a commercial track-etch 

polycarbonate membrane with nominal pore size of 50 nm. 
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Figure 1-2. Scanning electron micrograph of the surface of a track-etched muscovite mica 

membrane. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

36 

 
 
Figure 1-3. Scanning electron micrograph of the surface of a commercial alumina template 

membrane with nominal pore size of 200 nm. 
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Figure 1-4. Scheme of CVD synthesis of carbon in an alumina template membrane. 
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Figure 1-5. Scheme of synthesis of nanofibrous materials by electrochemical deposition in a 

porous alumina template. 
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Table 1-1   Comparison of commercial rechargeable batteries. 
 
 Lead-Acid 

 
Ni-Cd 
 

Ni-MH 
 

Li-Ion 
 

Voltage (V) 2 
 

1.2 
 

1.2 
 

3.6 
 

Energy density by 
weight (Wh/kg) 
 

25 
 

50~60 
 

60~80 
 

90~120 
 

Energy density by 
volume (Wh/l) 
 

80 
 

150~170 
 

180~220 
 

220~300 
 

Self-discharge 
(%M) 

5 
 

25 
 

20~25 
 

10 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

40 

 
 
Figure 1-6. A schematic of a Li-ion battery charge/discharge process. 
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CHAPTER 2 
TEMPLATE SYNTHESIS FOR THE DEVELOPMENT OF 3-DIMENSIONAL 

NANOSTRUCTURED SOLID-STATE LI-ION BATTERIES 

Introduction 

Lithium ion batteries have become the most suitable power sources for aerospace, modern 

health care and portable electronic devices due to their significantly high energy density and light 

weight.104, 105  Recently, with the rapid development of microeletromechanical system (MEMS) 

devices for the integrated-circuits(IC) industry, a power supply that is miniature in size and 

maximum in energy and power density per unit area is in great demand.106-109  3-D solid-state 

battery configurations, instead of the traditional 2-D parallel-plate configurations, can achieve 

high energy density per unit area while keep low internal power loss due to the incorporation of 

3-D nonplanar electrodes.75  Besides, the solid-state design fits batteries much better as the IC 

power supplies due to the flexible design, safe, lightweight, and ease of processing into the 

electronic system.110-115  

By using template synthesis method pioneered in Martin group, nanostructured battery 

electrodes with a variety of materials have been explored.12, 13, 15, 116-118  We have shown that 

such nanostructured (nanofibrous or nanotubules) electrodes have improved rate capability 

compared with the conventional thin-film electrodes composed of the same material.  This is due 

to the larger surface area and shorter Li ion solid-state diffusion distance (within nanometer scale) 

inside nanostructured electrodes.12, 13, 15, 16  

In this study, we combined the advantages of nanostructured electrodes and 3-D solid-state 

battery design to develop 3-D nanostructured solid-state Li-ion battery prototype.  Such 3-D 

prototypes were assembled by sandwiching polymer electrolyte-coated nanostructured electrodes 

(cathode and anode) with current-collectors attached.  The preliminary results of the synthesis 



 

42 

and characterization of nanostructured electrodes, battery fabrication and electrochemical tests 

are presented below.  

Experiment 

Materials 

Commercial available alumina and polycarbonate filters were used as the template 

membranes for preparing nanostructured electrodes.  The alumina were purchased from 

Whatman Anapore (nominal pore diameter: 200 nm, thickness: 60 μm, pore density: 1011 cm-2) 

while the polycarbonate were from Poretics (nominal pore diameter: 50 nm, thickness: 6 μm, 

pore density: 108 cm-2).  An ethylene/helium mixture (30% ethylene, Praxair) was used as the 

Chemical Vapor Deposition (CVD) carbon precursor gas.  Triisopropoxyvanadium (V) oxide 

TIVO (Aldrich) was used as the V2O5 precursor.  Ethylene carbonate (Aldrich), diethyl 

carbonate (Aldrich) and LiClO4 salt (Aldrich) were used to prepare the liquid electrolyte, both 

organic solutions were used as received.  Polyethylene oxide (PEO, Mw 400,000, Aldrich), 

LiClO4 salt and tetrahydrofuran (THF) (H2O < 50 ppm, ACROS) were used to prepare polymer 

electrolytes.  PEO and LiClO4 were vacuum-dried for 48 hr under 60˚C and 120˚C, respectively, 

before use. 

Preparation of the nanofibrous V2O5 cathode 

Sol-gel based template synthesis was used to prepare nanofibrous V2O5 cathode13, 15, and 

the experimental procedures are shown in Figure 2-1.  Briefly, a piece of the polycarbonate 

membrane was placed on a Pt foil in a glove box filled with Ar.  0.6 μL of V2O5 precursor TIVO 

was applied on the membrane surface so that TIVO filled the pores in the template.  Next, 

hydrolysis of TIVO was carried out in a glove box under low water partial pressure for 12 hr at 

room temperature, followed by heating in air at 80 °C for 2 hr.  Then, the templates were 

removed by the oxygen plasma with a plasma reactive-ion etching system (Samco, model RIE-
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1C).  The following etch conditions were used: plasma power = 25 W, O2 pressure = 15 Pa, O2 

flow rate = 10 standard cubic cm per min (SCCM), etch time = 2 hr.  Finally, the material was 

heated at 400 °C for 10 hr in a flowing O2 gas to obtain crystalline V2O5. 

Preparation of the carbon nanotube membrane anode 

The CVD method described in chapter 1 was used to prepare nanostructured carbon 

anode.11  Prior to CVD, the alumina membrane was preheated in order to prevent its curling 

during CVD.  This was accomplished by sandwiching an alumina membrane (a semicircle with a 

diameter of 3.5 cm) between two quartz slides and then placing the assembly inside a quartz tube 

(diameter = 4.5 cm, length = 48 cm).  The tube was then inserted into a high-temperature tube 

furnace (Thermolyne 21100) and heated at 720 oC for 1 hr in air.  After preheat treatment, CVD 

carbon was initiated using the similar set-up.  The preheated membrane was placed vertically 

into the quartz tube such that the plane of the membrane was perpendicular to the length of the 

tube.  The furnace was then heated to 670 oC under Ar flow.  Once the temperature stabilized, 

the Ar gas was replaced with the ethylene gas mixture flowing at 20 SCCM.  The ethylene 

thermally decomposed on the pore walls to yield the CNTs within the pores.  Both faces of the 

membrane were also coated with thin layers of carbon and these carbon surface films were too 

thin to block the CNT openings at the membrane surfaces.  It is noteworthy that it is these carbon 

surface layers that allow us to make an electronic contact between the CNTs array and the 

attached copper tape current-collector for the electrochemical experiments (see the “Pre-

lithiation of CNTs membrane anode” section below). 

   After 5.5 hr deposition, the furnace was turned off, the ethylene gas was replaced by Ar, 

and the furnace was allowed to cool to room temperature.  The yielded carbon thickness can be 

controlled by CVD duration.  It needs to point out that the prepared CNT membrane saved the 
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underlying alumina template for the mechanical support of this synthesized anode during all 

experiments, except in SEM imaging.  

Preparation of the polymer electrolyte 

A typical PEO-LiClO4 polymer complex was used as the electrolyte for assembling the 

solid-state battery.  The preparation of the electrolyte involved firstly dissolving LiClO4 salt (0.3 

wt%) in 7 ml THF solution, followed by the addition of PEO into LiClO4-THF solution.  The 

ratio of EO/Li (monomeric units CH2CH2O / the number of Li) was fixed at 9:1.  The mixture 

was then under vigorous stirring until a homogeneous and transparent solution was observed.  

This whole procedure was carried out in a Ar-filled glove box. 

Assembling of 3-D nanostructured solid-state batteries 

Nano-LiV2O5/PEO-LiClO4/Li solid-state battery 

Pre-lithiation of the nano-V2O5 cathode:  Before battery assembly, the prepared nano-V2O5 

electrode was lithiated into LiV2O5.  A typical three-electrode cell was used in which the nano-

V2O5 electrode was the working electrode and Li foils were the reference and counter electrode.  

The Pt foil used for preparation of the nano-V2O5 electrode served as the current-collector for the 

working electrode.  1M LiClO4 in EC:DEC (3:7 v/v) was prepared as the liquid electrolyte.  The 

lithiation was performed by galvanostatically charging the nano-V2O5 from the open circuit 

potential (OCP, ~3.5 V) to 2.8 V (versus Li+/Li) at the current of 5 μA.  The lithiation was run 

on a Solartron 1287 Potentiostat driven by the CorrWare software package. 

Battery assembling:  Battery assembling was conducted in a glove box purged with Ar.   

As shown in the scheme of our battery design (Figure 2-2), the 3-D nanostructured solid-state 

battery was assembled by sandwiching polymer electrolyte-coated cathode and anode.   Here, as 

the first concept-proof experiment, a Li metal foil anode, instead of nanostructured anode, was 

used to assemble a solid battery.  The prepared PEO-LiClO4 polymer solution was dropped onto 
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the surfaces of the prepared lithiated nano-V2O5 cathode and Li foil anode.   Before the polymer 

layers became completely dry, the coated cathode and anode were sandwiched together between 

two glass slides with a metal clamp.  Then, the assembled battery was vacuum-dried for ~4 hr to 

remove the THF solvent.  The thickness of the polymer electrolyte layer was measured ~20 μm.   

Nano-V2O5/PEO-LiClO4/nano-LixC solid-state battery 

Pre-lithiation of the CNTs membrane anode:  The CNTs membrane anode was lithiated 

electrochemically before the battery assembling.  A three-electrode cell was used in which the 

prepared CNTs membrane was the working electrode and Li foils were the reference and counter 

electrode.  The current-collector on the working electrode was made by applying a copper 

conductive tape (single adhesive surface, Product No. 16072-1, Ted, Pella, Inc.) to one end of the 

CNT membrane.  1M LiClO4 in EC:DEC (3:7 v/v) was used as the liquid electrolyte.  The 

lithiation was performed by galvanostatically lowering the potential from the open circuit 

potential (OCP, ~2.9 V) to 0 V (versus Li+/Li) at currents ranging from 10 to 100 μA.  This 

lithiation process was run on a Solartron 1287 Potentiostat driven by the CorrWare software 

package. 

Battery assembling:  Battery assembling was conducted in a glove box purged with Ar.   

Here, both electrodes prepared were nanostructured ones including nano-V2O5 cathode and 

lithiated nano-carbon anode.  Exactly same as the scheme shown in Figure 2-2, the prepared 

PEO-LiClO4 polymer solution was dropped onto the surfaces of the prepared nano-electrodes.   

Before the polymer layers became completely dry, the coated cathode and anode were 

sandwiched together between two glass slides with a metal clamp to complete the battery.  Then, 

the assembled battery was vacuum-dried for ~4 hr to remove the THF solvent.  The thickness of 

the polymer electrolyte layer was controlled ~7 - 40 μm.   



 

46 

Electrochemical characterization 

Cyclic voltammetric and galvanostatic charge/discharge experiments were performed using 

a Solartron 1287 Potentiostat, driven by the CorrWare software package.  For liquid half-cell 

experiments, a 3-electrode system was used in which the nanostructured electrode was the 

working electrode and Li foils were the reference and the counter electrode. The electrolyte was 

1M LiClO4 in EC:DEC (3:7 v/v).  For battery tests, nano-V2O5 and Li (or nano-carbon) was the 

cathode and anode, respectively.  All electrochemical experiments were conducted in a glove 

box filled with argon.  For battery testing at 67 oC, the battery was placed on a stirrer/hot plate 

and the temperature of the plate was kept under 67 oC for 2 hr to reach the thermal equilibrium 

before the tests. 

Scanning electron microscopy 

JEOL 6335F field emission scanning electron microscopy (FESEM) instrument was used 

to obtain SEM images of the prepared nano-V2O5 and CNTs membrane before and after polymer 

coating.  All samples were placed onto copper tapes adhered to standard SEM stubs.  Prior to 

SEM imaging, the samples were sputtered with Au/Pd using a Desk ⅡCold Sputter instrument 

(Denton Vacuum, LLC).  The sputtering current was 45 mA, the Ar pressure was 75 mTorr, and 

the sputtering time was 60 sec.  This yielded a Au/Pd film that was ~16 nm thick. 

It needs to mention that the polymer-coated samples were vacuum-dried right after coating 

and before SEM imaging in order to remove the organic THF solvent in the polymer solution.  

The drying was performed at room temperature for ~4 hr. 
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Results and Discussion 

Nano-LiV2O5 / PEO-LiClO4 / Li solid-state battery 

Morphology of nanofibrous V2O5 cathode 

The commercial polycarbonate membrane with a nominal pore diameter of 50 nm was 

used to prepare the nanostructured V2O5, and the surface image of the template is shown in 

Figure 2-3A.  It can be seen that all the pores are randomly dispersed over the entire membrane 

surface and the average pore size was measured as 50 nm.  Figure 2-3B shows the typical SEM 

image of the resulting nanostructured V2O5 after removal of the template membrane.  These 

template-synthesized V2O5 nanofibers were protruding from the Pt foil substrate.  The fibers 

show highly dense and freestanding structures which replicate the structure of pore array in the 

template.  The porous structure can be seen in each fiber.  Same as our previous observation,15 

the average diameter of the V2O5 fiber was measured as 100 nm, which is larger than nominal 

one.  This can be explained due to two possible reasons: the pore expands during formation of 

the nanofibers and the pore diameter is smaller at the surface of the membrane than in the middle.  

It is noteworthy that the lower Pt foil used acts as the substrate and current-collector for the V2O5 

cathode.  The V2O5 prepared via this sol-gel based method yields crystalline orthorhombic 

structure. 15 

Electrochemical characterization of nanofibrous V2O5 cathode 

Cyclic voltammetry (CV):  Cyclic voltammetry is one of the commonly used 

electrochemical techniques.  It is used to confirm the activity of the electrode, identify the 

potential region of electroactivity, and comment on the electron-kinetics and diffusion regimes of 

the process.  In this study, we investigated the Li-ion intercalation properties of V2O5 with CV.  

The charge/discharge reactions for V2O5 can be written as follows: 
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xLi+ + xe- + V2O5                               LixV2O5        (0<x≤1)                           (2-1) 

 

In CV experiments, 3-electrode cells were used and these charge/discharge reactions were driven 

by scanning the potential at a constant rate and then monitoring the current response.  It is 

studied that when a cutoff voltage of 2.8 vs.Li/Li+ is used, the maximum value of x in Equation 

2-1 for the orthorhombic V2O5 is 1.119   This corresponds to a capacity of 147 mAhg-1 V2O5.  In 

this study, CV experiments were performed by scanning the potential from the open circuit 

potential (~3.5 V) to 2.8 V vs. Li/Li+, through which the material was fully discharged (lithiated). 

The scan direction was then reversed, and the material was charged (unlithiated) until 3.8 V.   

The CV curves in Figure 2-4 shows that the synthesized nanomaterial can reversibly intercalate 

Li ions.  Two voltammetric peaks are appeared during each (un)lithiation process, which 

indicates that Li ion (de)intercalation occurs as a two-stage process, and this material changes 

phases during the (de)intercalation process.  

Galvanostatic charge/discharge:  The Li ion interaction properties of V2O5 were also 

investigated by galvanostatic charge/discharge experiments using 3-electrode cells.  During the 

experiments, the constant currents were applied to charge/discharge the electrode, while the 

potential response was monitored.  Figure 2-5 shows the galvanostatic charge/discharge curves 

of the synthesized nano-V2O5 electrode.  In contrast with the results obtained in CV tests, the 

curves in Figure 2-5 demonstrate the reversibility of Li ion (de)intercalation into the nano-V2O5.  

The two-stage process of Li ion (de) intercalation can also be found in Figure 2-5, and the 

potentials of two plateaus in each charge/discharge curve is consistent with those of two peaks 

shown in CV.  

Charge 

Discharge 
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Electrochemical tests of nano-LiV2O5/PEO-LiClO4/Li solid-state battery 

The OCP of the assembled nano-LiV2O5/PEO-LiClO4/Li solid-state battery was measured 

as 2.7 V.   The battery was then cycled in the potential ranged from 2.5 to 3.8 V at 25 °C.  Figure 

2-6 shows the galvanostatic charge/discharge curves of the nano-LiV2O5/PEO-LiClO4/Li solid-

state battery.  The similar charge/discharge profile was observed during each cycle.  This 

indicates the good cycling performance of the battery at 25 oC.  The coulombic efficiency (ratio 

of a discharge capacity versus a charge capacity) in the first cycle was calculated as 49%, and 

this represents a large irreversible capacity.  However, the irreversible capacities are greatly 

decreased in the subsequent charge/discharge cycles, which are corresponding to the increased 

coulombic efficiencies (~60%). 

The rate capability of this solid Li-ion battery was also evaluated by measuring discharge 

capacitiy as a function of discharge current (Figure 2-7).  In this study, the reported capacities 

were normalized by unit area (per cm2) to present electrochemical performance of the 3-D 

battery.  In this battery, the capacity of lithiated V2O5 cathode is much less than that of the 

lithium anode.  The battery capacity is then limited by the capacity of the cathode.  Therefore, we 

apply the theoretically maximum capacity per area (Cmax,c) of this nano-V2O5 cathode as the 

maximum capacity of our assembled battery.  The maximum capacity of the cathode was 

calculated based on the V2O5 theoretically maximum capacity per gram and the theoretical mass 

per area of V2O5.  As we mentioned before, the theoretical gravimetric-capacity at which V2O5 is 

lithiated into LiV2O5 is 147 mAhg-1.  The mass per area (g/cm2) of V2O5 is the product of its 

density (g/cm3), the volume (cm3) of each pore and the pore density (cm-2) of the template.  

Based on above parameters, Cmax,c is calculated as 14 μAh/cm2 for the nano-V2O5 cathode. 

This theoretical capacity is relatively low compared to typical thin-film batteries, and this is due 

to the low pore density of the polycarbonate template used for preparing nano-V2O5 electrodes.  
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By increasing the pore density of the template membrane, the enhanced theoretical capacity can 

be expected.  Turning now to Figure 2-7, as typically seen in any battery, the highest discharge 

capacity was obtained at the lowest current.  And the highest capacity we obtained is ~6 

μAh/cm2 which represents 42% of the maximum capacity.  With increasing currents, the 

discharge capacities of the battery fell off fast.  One main reason for this fast capacity decay is 

attributed to the high resistance of the solid polymer electrolyte.  In the following text we will 

give more detailed discussion for this issue. 

Nano-V2O5 / PEO-LiClO4 / LixC solid-state battery 

Morphology of carbon nanotube membrane anode 

In this study, the commercial nanopore alumina membrane was used to prepare CNTs 

membrane anode.  Figure 2-8A shows the surface image of an alumina template membrane.  In 

contrast to the randomly distributed pores in polycarbonate shown in Figure 2-3A, the highly 

ordered pores were observed in the alumina template.  In addition, the pore density of the 

alumina is much higher than that of polycarbonate (Figure 2-8A vs. Figure 2-3A).  The average 

pore size was 200 nm. 

The well-aligned, highly compact and freestanding carbon tubes were obtained after CVD 

and dissolution of the alumina template (Figure 2-8B).  The outside diameter and the length of 

each tube are same as those of the pores in the alumina template.  The inside diameter of CNT 

was measured ~120 nm.  Thus, the wall thickness of deposited CNT was calculated as ~40 nm. 

In our previous paper,12 we demonstrated that the CNTs membrane prepared by alumina 

template showed the great promising as the anode material for Li-ion batteries.  In this study, this 

nanotubular structure of carbon again provides several unique advantages for our 3-D battery 

design: first, it allows for the easy penetration of the polymer electrolyte into each pore; second, 

it ensures the minimized solid-state diffusion distance of the intercalating Li ions inside each 



 

51 

nanopore; third, it yields the extremely high surface area.  This large surface area can greatly 

decrease the effective current density, which lowers the interfacial kinetic overpotential.75  

Electrochemical characterization of carbon nanotube membrane anode 

To characterize the electrochemical property of the synthesized CNTs membrane anode, 

we performed the galvanostatic charge/discharge tests and the results are shown in Figure 2-9. 

It can be seen that Li ions can reversibly (de)intercalate into the synthesized carbon material. 

However, a very large irreversible capacity was observed during the charge process.  It is mainly 

attributed to the formation of solid electrolyte interface (SEI) and the reduction of surface oxides 

(formed during CVD) at the large surface of CNTs.120, 121  The sloping profile of the charge 

curve is the characteristic of disordered carbon.122 

Morphology of polymer electrolyte coated nanostructured electrodes 

Figure 2-10 shows SEM images of the cross-sections of polymer-coated nanostructured 

V2O5 cathode.  The polycarbonate template was removed prior to imaging.  The low 

magnification image in Figure 2-10A shows that the polymer electrolyte was mainly coated as a 

thin film on the surface of nano-V2O5.  The thickness of the film is ~8 µm.  Taking a close view 

in Figure 2-10B, we can see that the polymer did coat onto individual V2O5 nanofibers.  This can 

be confirmed by two aspects: as-prepared porous V2O5 fibers (Figure 2-3B) became the 

nonporous one after polymer coating (Figure 2-10B); the diameter of the V2O5 fiber increased 

from ~100 nm before polymer coating (Figure 2-3B) to ~130 nm after polymer coating ( Figure 

2-10B).  Moreover, due to the large surface area of the synthesized nano-V2O5, this polymer 

coating greatly increases the effective contact area between the polymer electrolyte and the 

cathode material.  

The lithiated CNTs membrane was likewise coated with the polymer electrolyte to 

assemble the battery.  However, during the transfer of the sample into the SEM chamber, the 
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sample will be inevitably exposed to air.  The lithiated carbon is extremely reactive and tends to 

react with explosive results when exposed to air.  Therefore, the unlithiated CNTs membrane 

was used for SEM imaging.  Figure 2-11 shows the cross-sectional images of the coated CNT 

sample.  The low magnification image (Figure 2-11A) shows the surface of the CNTs membrane 

was completely covered with a thin polymer layer.  The average thickness of the layer was 

measured ~5 μm.  From the high magnification image (Figure 2-11B), we observed the 

undiscriminable boundary between the polymer layer and the ends of carbon nanotubes, which 

indicates the impregnation of the polymer electrolyte into each carbon tube.  However, the 

penetration depth of the polymer electrolyte is not clear at this point.    

Electrochemical tests of nano-V2O5/PEO-LiClO4/LixC solid-state battery 

Electrochemical lithiation of CNTs anode:  The V2O5 cathode and CNTs anode used in our 

battery were prepared by polycarbonate and alumina template, respectively.  Due to the much 

higher pore density of alumina (1011 cm-2) than that of polycarbonate (108 cm-2), the density of 

carbon tubes is much higher than that of V2O5 fibers.   Thus, the capacity of the lithiated CNTs 

membrane anode is much larger than that of lithiated V2O5 cathode.  In this study, to ensure the 

enough amounts of Li ions during the battery operation, the carbon anode was chosen to be 

lithiated.  Lithiation of CNTs membrane anode was performed by decreasing the potential to 0 V 

(vs. Li+/Li) at currents ranging from 10 to 100 μA.  At the beginning of lithiation, a large 

cathodic current (100 µA) was applied to reduce the residual oxygenated species on the surface 

of carbon nanotube and then allow the intercalation of Li ions.123  However, we observed that 

this large current caused large potential polarization which greatly decreased the capacity of the 

anode.  In addition, we found that after first lithiation with 100 μA, the OCP of the anode 

immediately jumped from 0 V to ~0.2 V and kept increasing in a rate of ~0.1 V/hr.  A similar 

phenomenon was also observed by Ergang et. al..79  Therefore, after first lithiation, multiple 
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lithiation cycles with reduced currents were applied.  The post-lithiation OCP of the CNT 

membrane was measured as 0.09 V and its increase rate was ~0.01 V/hr. 

Electrochemical tests of nano-V2O5 / PEO-LiClO4 / nano-LixC6 solid-state Li-ion battery: 

Before assembling the battery, the OCPs of as-prepared nano-V2O5 cathode and lithiated CNTs 

membrane anode were measured as 3.3 V and 0.1 V, respectively.  After assembling and 

vacuum-drying the battery, the OCP of the battery was measured ~2.9 V.  The slight decrease in 

battery OCP is attributed to two reasons: the temporary short circuit of the battery; the self-

discharge of lithiated CNTs membrane anode during the battery assembling and drying processes.  

Beginning with a discharge process, the battery was cycled at 25 oC between 2.6 V and 3.8 V 

and then terminated after a charge process.  The current densities applied during each cycle range 

from 5.88 ~ 178.57 μA/cm2.  In this chapter the shown battery cycling data under each specific 

current always begins with the second charge cycle, rather than the first discharge cycle.  This is 

because the capacity in the first discharge cycle was corresponding to the capacity obtained 

under a different current. 

As we mentioned earlier, the capacity of our battery is limited by the capacity of the nano-

V2O5 cathode, and the calculated maximum capacity of the battery is 14 μAh/cm2.  Therefore, 

based on this limiting capacity, we determined the C-rate for our following battery tests.  Figure 

2-12 shows galvanostatic charge/discharge curves of the assembled 3-D battery under the current 

of 14 μA/cm2 (1C) and 32 μA/cm2 (2.3C).  The battery testing was performed at 25 oC.  Under 

each current, our 3-D batteries were rechargeable and showed the relatively stable reversible 

capacity for each cycle.  At 14 μA/cm2 (1C), the discharge capacity decreased 3% and 12% after 

the second and ninth cycle, respectively.  The discharge capacity maintained almost constant 

during the nine cycles under the current of 32 μA/cm2 (2.3C).  However, in the 3-D cell prepared 
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by Ergang et.al.,79  the discharge capacity decreased 76% after the second cycle and the cell 

behaved more like a pseudocapacitor with rapid polarization during later cycles.  From Figure 2-

12, the calculated coulombic efficiencies were 87% and 84% under the discharge current of 14 

μA/cm2 and 32 μA/cm2, respectively.  Thus, it can be concluded that our synthesized 3-D 

nanostructured solid-state battery showed the very stable cycling performance and good 

reversibility under applied rates.    

Comparing the cycling data at low and high currents in Figure 2-12, we noticed that the 

reversible capacity of the battery in the first cycle fell off very fast with the increased currents.  

The capacity of the first cycle dropped 95% (4.5 to 0.2 µAh/cm2) for the current increase factor 

of 2.3 (14 to 32 µA/cm2).  One main reason for this fast capacity drop is due to the high 

resistance resulting from the PEO-LiClO4 polymer electrolyte at 25 oC.  It is studied that PEO is 

a highly crystalline polymer with a melting point of 65°C.  Above 65 oC, PEO is in a totally 

amorphous state and shows good flexibility and polymer segmental motion which contribute to 

the efficient ionic conductivity of the polymer complex.124-126  However, below 65oC, the ion 

transport greatly slow down due to the highly crystalline and rigid PEO matrix.  It is reported 

that the room-temperature ionic conductivity of PEO-LiClO4 (EO:Li = 8) complex is about 10-8 

~10-7 S cm-1 which is several orders of magnitude less than that exhibited by liquid 

electrolytes.127   

In comparison with reported nanostructured batteries,34, 79, 80 our template-synthesis-based 

3-D solid-state battery functioned well at room temperature.  Within the potential window used 

for testing commercial Li-ion batteries, our battery showed relatively stable cycling performance 

under each current.  Also, it needs to mention that common micro-batteries with the similar 

electrolyte system can not function under room temperature due to the low ionic conductivity of 
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the electrolyte and their micro-structured battery components.128, 129  This suggests that our 

nanostructured electrodes showed superior characteristic in our 3-D battery configuration. 

It is studied that the efficient ionic conductivities of PEO-LiClO4 can be achieved when the 

temperature is above the melting temperature (65 oC) of PEO.  It is also reported that when the 

temperature increases from 25 oC to 67 oC, the ionic conductivity of the polymer electrolyte 

increased from ~10-8 S cm-1 to ~10-5 S cm-1, which is three orders of magnitude difference.124  

Therefore, we can expect that the delayed capacity fade and improved rate capability should be 

observed if the assembled 3-D solid-state battery is operated above 65 oC. 

Figure 2-13 shows the galvanostatic charge/discharge curves of the 3-D battery cycled at 

67 oC.  The current was 120 µA/cm2 (8.6C).  The similar charge/discharge profiles were obtained 

at 67 oC as those at 25 oC.  The stable cycling and good coulombic efficiency of the battery was 

also observed at 67 oC.  The discharge capacity dropped 1% and 5% after second and third cycle.  

The average coulombic efficiency was 75%.  However, the batteries showed dramatically 

improved rate capability at 67 oC comparing to the results obtained at 25 oC.  For instance, the 

discharge capacity of the first cycle was 0.2µAh/cm2 at the current of 32 µA/cm2 (2.3C) and 25 

oC.  When the temperature was increased to 67 oC and the current increased nearly 4 times to 120 

µA/cm2, instead of observing a capacity drop, we found the discharge capacity increased 15 

times to 3 µAh/cm2 (8.6C, Figure 2-13). These results strongly support our hypothesis that the 

increased ionic conductivities of the polymer electrolyte can greatly improve the rate capability 

of our battery.  Another possible reason for this improved rate capability is the improved 

interface contact between the polymer and electrodes at the elevated temperature. 

Pesserini et. al. reported that at 90 oC, their Li/PEO-LiBETI/V2O5 solid battery delivered 

~90% theoretical capacity at 0.05 C, but the capacity dropped to 20% when the rate increased to 
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1.1 C. 130  Salomon et. al. reported that their solid-state Li/LiFePO4 polymer battery can not be 

cycled at 76 oC when charge/discharge rate was ~ 0.17 C, although more than 90% reversible 

capacity was delivered at 100 oC.128  In contrast, our battery still can deliver ~20% theoretical 

capacity at 8.6C under 67 oC and showed very good rate capability compared to 2-D solid-state 

battery.  This suggests that our nanostructured electrodes and 3-D battery design have great 

advantage in rate capability over the traditional micro-batteries.  

  A more direct comparison of the temperature effects on the rate capability for the 

assembled 3-D solid battery is shown in Figure 2-14.  For each low and high temperature test, 

two batteries were assembled and evaluated at the same testing conditions.   The overlapping of 

two curves for the batteries tested at each temperature indicates good reproducibility of our 

assembled 3-D solid Li-ion battery.  As typically observed in Li-ion batteries, capacity fell off 

with increasing discharge currents for each test.  However, the extent of capacity loss was 

dramatically reduced in the high temperature (67 oC) tests.  When the current increased from 

11.90 µA/cm2 (0.9C) to 60 µA/cm2 (4.3 C), the discharge capacity dropped 33% at 67 oC vs.95% 

at 25 oC.  Also, if noticing the C-rate labeled in this figure, our assembled battery still delivered a 

certain amount of capacity up to ~13C, while common 2-D thin-film Li-ion batteries were not 

operated under this large current density even at higher temperature (>>67 oC).  This rate 

capability advantage and delayed capacity decay undoubtedly inherits our nanostructured 

electrodes (short lithium-ion solid-state diffusion distance and large surface area of the active 

material) and our 3-D battery architecture design. 

Conclusion 

In our previous studies, we demonstrated that the template-synthesized nanostructured 

(nanofibrous or nanotubules) electrodes have improved rate capability compared with the 

conventional thin-film electrodes composed of the same material. This is due to the larger 
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surface area and shorter Li ion solid state diffusion distance (within nanometer scale) inside 

nanostructured electrodes.  Based on these studies, herein, we developed a simple 

nanofabrication strategy to use such nanostructured electrodes to assemble 3-D nanostrctured 

solid-state Li-ion batteries.  Such batteries were assembled by sandwiching nanostructured 

electrodes (cathode and anode) coated with thin layers of polymer electrolyte. 

The 3-D nano-batteries showed very stable cycling performance and high coulombic 

efficiency when operated at 25 oC.  At 14 μA/cm2 (1C), the discharge capacity decreased 3% and 

12% after the second and ninth cycle, respectively.  The discharge capacity maintained almost 

constant during the nine cycles under the current of 32 μA/cm2 (2.3C).  The coulombic 

efficiencies were calculated as 87% and 84% under the discharge current of 14 μA/cm2 and 32 

μA/cm2, respectively.  With the increasing currents, the fast capacity decay was observed at 25 

oC.  The capacity in the first cycle decreased 95% for the current increase factor of 2.3.  By 

increasing the battery operation temperature above the melting temperature of the polymer, the 

capacity loss was greatly delayed.  When the current increased from 11.90 µA/cm2 (0.9C) to 60 

µA/cm2 (4.3 C), the discharge capacity decreased 33% at 67 oC vs.95% at 25 oC.  Our assembled 

battery showed the dramatically improved rate capability at 67 oC.  The battery can be operated 

up to ~13C at which the commercial 2-D Li-ion batteries failed.  This delayed capacity drop and 

improved rate capability are mainly attributed to the improved ionic conductivity of the polymer 

complex at the elevated temperature.  In comparison with currently reported 3-D Li-ion batteries, 

our prototype 3-D solid battery showed the unique advantages including high cell voltage, 

superior rate capabilities and stable cycling performance and improved safety.  These advantages 

benefit from our template-synthesized nanostructured electrodes as well as this 3-D battery 

design.  
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Figure 2-1. Scheme for the template-synthesis of a nanofibrous V2O5 electrode. 
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Figure 2-2. Scheme for preparation of a nanostructured solid-state Li-ion battery. 
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Figure 2-3. FESEM images of (A) the surface of a commercial polycarbonate membrane with 

nominal pore diameter of 50 nm and (B) the sol-gel template-synthesized V2O5 
cathode after removal of the polycarbonate template. 
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Figure 2-4. Cyclic voltammogram of the template-synthesized nano-V2O5 electrode.  Scan rate = 

0.5 mV s-1.   
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Figure 2-5.  Galvanostatic charge/discharge curves of the template-synthesized nano-V2O5 

electrode. Current = 5 µA.  
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Figure 2-6.  Galvanostatic charge/discharge curves for the nano-LiV2O5/PEO-LiClO4/Li solid-

state battery.  Current = 1 µA.  Potential range is between 2.5 and 3.8 V.  
Temperature = 25 oC. 
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Figure 2-7.  Discharge capacity of the assembled nano-LiV2O5/PEO-LiClO4/Li solid-state 

battery at 25 oC as a function of galvanostatic discharge currents. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

65 

 
 
 

 
 
Figure 2-8. FESEM images of (A) the surface of a commercial alumina membrane with nominal 

pore diameter of 200 nm and (B) the CVD template-synthesized CNTs membrane 
anode after removal of the alumina template. 
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Figure 2-9.  Galvanostatic charge/discharge curves of the template-synthesized CNTs membrane 

electrode. Charge current = 100µA, discharge current = 50 µA. 
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Figure 2-10. FESEM images of the cross-section of the PEO-LiClO4 coated nanofibrous V2O5 

after removal of polycarbonate template. (A) Low magnification view. (B) High 
magnification view.  
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Figure 2-11. FESEM images of the cross-section of PEO-LiClO4 coated CNTs membrane with 

the alumina template. (A) Low magnification view. (B) High magnification view. 
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Figure 2-12. Galvanostatic charge/discharge curves for the nano-V2O5/PEO-LiClO4/nano-LixC 

solid-state battery. (A) Current = 14 µA/cm2. (B) Current = 32 µA/cm2. Potential 
range is between 2.6 and 3.8 V. Temperature = 25 oC. 

B 

A 



 

70 

 
 
Figure 2-13. Galvanostatic charge/discharge curves for the nano-V2O5/PEO-LiClO4/nano-LixC 

solid-state battery. Current = 119 µA/cm2. Potential range is between 2.6 and 3.8 V. 
Temperature = 67 oC. 
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Figure 2-14. Discharge capacity of the assembled nano-LiV2O5/PEO-LiClO4/nano-LixC solid-

state battery at 25 oC and 67 oC as a function of galvanostatic discharge currents.  
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CHAPTER 3 
TEMPLATE SYNTHESIS OF NANOSTRUCTURED CARBON/METAL COMPOSITE 

MATERIALS AND THEIR APPLICATION IN LI-ION BATTERIES 

Introduction 

Nanostructured carbon have drawn much attention from fundamental and applied 

perspectives.82 83 Their diverse applications have been investigated in the fields of hydrogen 

storage84, catalyst suppport,82, 83, 86, 87 nanoelectronics,88-92 lithium-ion batteries,12, 14 chemical and 

bio-sensors.93-95 

Martin group and others have explored the synthesis of nanostructured carbon based on 

template synthesis method.11, 12, 14, 39, 57   With the monodisperse pores and uniform pore-size in 

the porous template, well-aligned carbon nanotubes or nanofibers are obtained by using chemical 

vapor deposition (CVD) within the template.  As the characteristic of template synthesis, the 

outer diameters of prepared fibers or tubes are controlled by the diameter of the pore in the 

template.  And the inner diameters of the tubes are controlled by CVD duration.  Template-

synthesized nanofibrous or tubular carbon has shown great potentials for Li-ion batteries,12 fuel-

cell technology,12 and fundamental study of electroosmotic flow.11  In chapter 2, we applied the 

templated carbon nanotubes as the anode materials for our 3-D nanostructured solid-state Li-ion 

battery research. 

Despite the extensive applications of the nanostructured carbon, there are limitations in the 

conventional CVD-based template synthesis method for nano-carbon synthesis.  First, the CVD 

temperature is high (~700 oC), under which the commercial alumina template occurs physical 

deformation such as curling.  Second, by directly depositing carbon within the pores in the 

template, the length of carbon nanotubes or nanofibers is only determined by the thickness of the 

template.  Since it is hard to prepare and handle thin alumina templates (less than 10 µm), the 

nanostructured carbon with shorter lengths is difficult to obtain.   
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Hence, in this study we proposed a new method to overcome above limitations.  This 

method incorporates electrochemical deposition into CVD-based template synthesis. With this 

method, new fibrous carbon/metal composite structures were obtained within pores of the 

template.  More important, this new method can allow us to effectively decrease CVD 

temperature and control the length of the synthesized nanostructured carbon. 

Experiment 

Materials 

The template membranes used in this study were commercially available alumina 

membranes (200 nm diameter-pores, 60 μm thick) purchased from Whatman Anapore.  

Commercial Ag and Au plating solutions were obtained from Technic Inc. The Ni plating 

solution was made of 180g/L nickel sulfate, 8g/L ammonium chloride, 30g/L Boric Acid.  Cu 

plating solution was made of 0.05 M CuSO4 and 0.5 M H2SO4.  Ethylene (30% balanced with 

Helium, from Praxair) was used as CVD carbon precursor gas.  Ethylene carbonate (Aldrich), 

diethyl carbonate (Aldrich) and LiClO4 (Aldrich) were used to prepare the liquid electrolyte.  

LiClO4 was vacuum-dried under 120 ˚C for 48 hr before use. 

Electrodeposition of metal fibers inside the alumina template 

Figure 3-1 outlines the entire fabrication process of the nanofibrous metal/carbon within an 

alumina template.  In detail, a thin layer of Au/Pd was firstly sputtered onto one face of an 

alumina membrane (Figure 3-1a) using a Desk II Cold Sputter instrument (Denton Vacuum, 

LLC).  The sputtering current was 45 mA, the Ar pressure was 75 m Torr, and the sputtering 

time was 180 sec.  A ~48 nm thick Au/Pd film was yielded.  This layer was too thin to block the 

pores in the template membrane but converted this surface into a conductive electrode for the 

following electrochemical deposition.  Next, a Ag (or Cu) fiber was bottom-up electrodeposited 

within each pore from this metal-sputtered surface.  A thin film of Ag (or Cu) metal was also 
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simultaneously formed on this surface of the membrane to totally cover the Au/Pd sputtered 

layer (Figure 3-1b).  After that, Ni nanofibers were likewise electrodeposited on top of Ag (or Cu) 

fibers to introduce the catalyst for the following CVD carbon (Figure 3-1c).  The applied 

electrodeposition current ranged from 1 to 5 mAcm-2.  The thickness of the deposited metal was 

controlled by the deposition time.  After each deposition experiment, the membrane was 

dissembled from the cell, rinsed with copious purified water, then left to dry before use.  It is 

noteworthy that above electrodeposition procedure can be modified in order to deposit different 

metal fibers for specific applications. 

Figure 3-2 shows the schematic set-up for electrodeposition of metals inside the template 

membrane.  The electrodeposition cell consists of the metal-sputtered alumina membrane as the 

cathode and the metal coiled wire which is to be deposited (Ag or Cu) as the anode.  The non-

metal-sputtered side of the alumina membrane was exposed to the plating solution and the anode, 

while the opposite side of the membrane remained intact.  Ag or Cu was deposited 

galvanostatically in a plating solution which contains a Ag or Cu salt.   

Preparation of the nanostructured carbon 

The CVD method described in detail previously 11 was used to deposit the carbon 

nanofibers within the pores of the alumina membrane.  Briefly, the alumina membrane with 

electrodeposited metal nanofibers and thin film was fixed between two pieces of ceramic plates 

(diameter = 3.7 cm).  A hole (diameter =1.4 cm) was made into one of the plates; this hole 

defined the area of the membrane that was exposed to the CVD carbon precursor gas.  The 

assembly was placed vertically into a quartz tube (diameter = 4.5 cm, length = 48 cm) such that 

the plane of the membrane was perpendicular to the length of the tube.  The tube was then 

inserted into a high-temperature tube furnace (Thermolyne 21100) and heated to 545 oC under Ar 



 

75 

flow.  When the temperature stabilized, the Ar gas was replaced with the ethylene gas mixture 

flowing at 10 standard cubic cm per min (SCCM). 

Due to the presence of the fibrous Ni catalyst as well as the sealing of one surface of the 

membrane with the non-catalyst metal, ethylene preferentially decomposed on the Ni nanofiber 

within each pore (Figure 3-1d).  After the desired deposition time, the furnace was turned off, the 

ethylene gas was replaced by Ar, and the furnace was allowed to cool to room temperature.  

Scanning electron microscopy and EDS analysis 

Samples were imaged by a scanning electron microscopy (JEOL JSM 6400).  Also, this 

instrument was equipped with an energy dispersive x-ray spectrometer (EDS, Oxford Link ISIS), 

which was used to obtain elemental composition data of the samples.  The prepared 

carbon/metal-containing alumina template was immersed in 50 wt% HF solution for 20 hr to 

dissolve the template (Figure 3-1e).   To image the individual carbon fibers, the prepared 

carbon/metal samples were further immersed into 69.2 wt% HNO3 solution to dissolve metal 

fibers.  Prior to imaging, the samples were adhered to SEM stubs using conductive copper tapes, 

then sputtered with Au/Pd to improve the resolution of the images.  The sputtering current was 

45 mA, the Ar pressure was 75 m Torr, and the sputtering time was 60 sec. This yielded a Au/Pd 

film that was ~16 nm thick. 

Electrochemical characterization 

Cyclic voltammetry and galvanostatic charge/discharge experiments were performed using 

a Solartron 1287 Potentiostat, driven by the CorrWare software package.  For half-cell 

experiments, a 3-electrode cell was used in which the nanostructured carbon/metal composite 

was the working electrode and Li foils were the reference and the counter electrode. The 

electrolyte was 1M LiClO4 in EC:DEC (3:7 v/v).  All electrochemical experiments were 

conducted at room temperature in a glove box filled with argon. 
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Results and Discussion 

Structure characterization and elemental analysis 

Figure 3-3 shows the images of an alumina template used for preparing nanostructured 

carbon/metal samples.  The alumina membrane is 200 nm in pore diameter and 60 μm in 

thickness.  The pore density of the membranes is approximately109 pores/cm2.   

Figure 3-4 shows the SEM images and EDS data of the electrodeposited Ag/Ni composite 

metal fibers.  The Ag film deposited on the Au/Pd-sputtered surface of the membrane is shown 

in Figure 3-4A.  It can be seen that the original porous surface (see Figure 3-3) is totally covered 

with a dense film.  EDS data (Figure 3-4B) confirms that this dense layer consists of Ag.  The 

deposited Ag film shows dual functions in this study: 1) it serves as the electronic conductive 

substrate for the following electrodeposition of metal segments; 2) it is used as the current-

collector for the later electrochemical tests of this composite carbon/metal material.  As 

illustrated in the scheme in Figure 3-1, the Ag/Ni fibers grow bottom-up from an 

electrodeposited Ag film on one face of the template.  And these fibers can be clearly seen in 

Figure 3-4A.  These fibers show the freestanding, highly-dense structure after removal of the 

template.  By using the electrodeposition method, good physical contact between the nanofibres 

and the thin film underneath can be obtained. 

The Ni fibers were electrodeposited on top of the Ag fibers, and the top view of the 

resulted Ni nanofibers was shown in Figure 3-4C.  Due to the replicated morphology from the 

high-pore-density alumina template, the highly dense nanofibers were observed.  The average 

diameter of these fibers was measured as 200 nm.  The high-intensity Ni peaks shown in the 

EDS analysis (Figure 3-4D) confirm the deposited Ni element.  Ag peaks are also observed in 

the EDS data and this is probably due to the deep penetration depth (~1 µm) of the X-ray beam 

compared to the length (~0.6 µm) of Ni fibers. 



 

77 

After characterizing the prepared Ag/Ni composite fibers, we performed the CVD carbon 

on these fibers.  Traditionally, in Martin group, preparation of nanostructured (fibrous and 

tubular) carbon is realized by using CVD of carbon precursor gas within the alumina template.  

Although this technique is quite useful and shows excellent reproducibility, the alumina template 

always becomes curling under the high CVD temperature (~700 oC).  One way to solve this 

problem is the preheat treatment of the alumina template as we described previously. 11  

However, preheat treatment is time-consuming and complicates the experiments.  Here, we 

introduce a catalyzed-CVD method in order to lower the CVD temperature and totally avoid the 

curling problem of the template.  The catalyst we used here is electrodeposited Ni nanofibers.  It 

has been studied that Ni, as a catalyst, can efficiently catalyze the decomposition of 

hydrocarbons gas during CVD to form carbon or even highly ordered graphite nanofibers at 

rather low temperatures.39, 131-133  Moreover, with this catalyzed-CVD method, a new 

nanostructure of carbon-based materials can be obtained by incorporating template-synthesis 

method.  The prepared carbon/metal composite nanofibers are shown in Figure 3-5, and these 

fibers maintain high density and freestanding structure after dissolution of the template.  Based 

on the image contrast, the different materials can be observed along each fiber.  The upper 

segment with the bright color represents the deposited metals, while the lower segment with the 

dark color represents the deposited carbon.  The interface between carbon and metal segments 

can be more clearly seen in the high magnification image (Figure 3-5B).  The composition of 

different segments along each fiber was also confirmed by EDS data shown in Figure 3-5C and 

Figure 3-5D.  It needs to mention that it is hard to observe the interface of two metal (Ni and Ag) 

segments in both images due to the short Ni fibers.   To further investigate the deposited 

nanofibrous carbon, the metal segments (Ni and Ag) were dissolved using concentrated (69.2 
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wt%) HNO3.  The SEM images of the resulted sample are shown in Figure 3-6.   From both low- 

(Figure 3-6A) and high-magnification images (Figure 3-6B), it can be seen that the straight and 

freestanding fibers remain intact and show highly ordered structure which replicates the porous 

structure of the template.  The average diameter of the carbon fiber is ~200 nm.  The length of 

the nanofibers is measured ~ 5 μm.  EDS results shown in Figure 3-6C confirm the metal 

segments and the alumina template were totally removed.  Previously, our group also 

investigated the use of Ni catalyst for CVD carbon within alumina templates.39  However, due to 

the different catalyst-loading method used, the catalyst loaded in the previous study existed as 

nanoparticles randomly sticking to the inside walls of the pores.  Therefore, the synthesized 

carbon tubes or fibers always mixed with these metal catalyst nanoparticles.  Furthermore, the 

length of the nanostructured carbon was hard to alter with the conventional CVD-based template 

synthesis.  However, in this study, by applying the electrodeposited Ni fibers as the CVD 

catalysts, the carbon nanofibers with a uniform composition and controllable length were 

obtained. 

It is well-known that carbon can be used as the anode material in Li-ion batteries.  In the 

composite metal/carbon structure, the deposited metal fibers serve as the substrate and current-

collector for the fibrous carbon.  In Li-ion battery industry, Cu is commonly used current-

collector for anode carbon due to its low-cost and good electrochemical stability in organic 

electrolytes.73   Thus, in this study we also investigated the preparation of Cu/Ni/Carbon 

composite nanofibers for their application in Li-ion batteries.  Figure 3-7 shows the images of 

synthesized composite fibers.   Three different segments of materials along each fiber can be 

clearly visualized in Figure 3-7A.  By increasing the electrodeposition time, longer Ni nanofibers 

were obtained.  Also, we observed a very interesting phenomenon that the length of the metal 
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substrate affects the CVD rate in this experiment.  For example, the short metal fiber substrate 

results in the shorter carbon fiber (1.5 μm) as shown in Figure 3-7A.  However, as shown in 

Figure 3-5, the longer metal fiber produces the longer carbon fiber (5 μm) even with a short 

CVD time.  One possible reason is due to the mass transfer limitation of the carboneous gas 

molecular inside the nanopore of the template.  However, further investigation will be required 

before a definitive conclusion can be reached.  Figure 3-7B indicates that all the fibers have solid, 

freestanding and highly compact structure after dissolution of the template. 

Electrochemical characterization of nanostructured carbon/metal composite 

Cyclic voltammetry 

As one of the applications of the synthesized carbon/metal composite nanofibers, we also 

characterized their electrochemical properties.  Figure 3-8 shows the cyclic voltammetry curves 

obtained from Cu/Ni/Carbon composite nanofibers.  The scan rate is 10 mV s-1 and the scanned 

potential window ranges from 0 to 3 V.  From the first two and half cycles shown in this figure, 

it can be seen that the synthesized nanofibrous carbon shows the electrochemical activity and can 

reversibly intercalate Li ions in the half-cell test.  No oxidation and reduction peaks of the 

deposited metals are observed.  The well-overlapped two cycles represents the good reversibility 

and stability of the synthesized nanomaterials.  Also, the shape of CV curve is characteristic of 

Li ions intercalation into disordered carbon.134 

Galvanostatic charge/discharge 

Figure 3-9 shows the galvanostatic charge/discharge curves of the nanostructured 

Cu/Ni/Carbon electrode.  The current applied is 60 µA and potential ranges are between 0 and 

1V.  Two charge/discharge cycles are presented in this figure.  The following features can be 

noted from these curves.  First, in consistent with the cyclic voltammetry results, the 

charge/discharge curves indicate our synthesized nanofibrous carbon are electrochemically 
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active and shows the reversibility in (de)intercalation of Li ions.  Second, the overlapping of the 

first and second discharge curves suggests the good reversible capabilities of the nanomaterial.  

Third, the sloping discharge profile indicates the amorphous structure of the synthesized 

carbon,122 which is corresponding to the result in cyclic voltammetry.  A broad peak starting 

from 0.6 V in the first charge process is corresponding to the solid electrolyte interface (SEI) 

formation as well as reduction reaction of the carbon surface oxygenated groups.123  Following 

the SEI formation, the potential declines continuously and the majority of Li ion intercalation 

occurs below 0.25 V.  We also found there is a large irreversible capacity (difference between 

charge and discharge capacity) in the first cycles. This is possible due to the large quantity of SEI 

formation and the reduction of surface oxides due to the large surface area of the synthesized 

nanostructured carbon material.  

Conclusion  

In this study, a new method was developed to create nanostructured carbon/metal 

composite materials.  The method incorporated electrodeposition, CVD and template synthesis 

methods.  By using electrodeposition method, the nanofibrous metals are firstly introduced 

within the pores of the template.  These metal fibers serve as the catalyst and substrate for 

subsequent carbon deposition inside the pores of the template.  SEM and EDS analysis indicate 

the prepared metal/carbon composite are freestanding, compact and highly dense fibers with the 

controlled diameters in nano-scale.  Electrochemical tests show Li ions can reversibly 

intercalate/deintercalate in nanofibrous carbon materials without adding any additives.   

Compared to the conventional non-catalyst CVD-based template synthesis, this new 

method provides the following advantages: CVD temperature is decreased with the presence of 

catalyst metal fibers so that the physical deformation of the alumina template can be totally avoid; 

the length of carbon fibers can be controlled by altering the length of electrodeposited metal 
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fibers substrate.  Moreover, these new nanostructured carbon/metal composite materials can 

provide the improved contact between carbon and metal for the possible applications in battery 

electrodes, nanoscale electrical interconnects. 
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Figure 3-1. Schematic of the catalyst-CVD-based template synthesis of nanostructured 

carbon/metal composite materials within an alumina template.  
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Figure 3-2. Schematic of the electrochemical deposition cell used for the deposition of metal 

fibers inside the pores of an alumina template.  
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Figure 3-3. Scanning electron micrograph of the surface of a commercial alumina template 

membrane with nominal pore size of 200 nm. 
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Figure 3-4. SEM images and EDS data of the composite Ag/Ni nanofibers after removal of the 

alumina template. (A) top view of the deposited Ag thin film. (B) EDS data taken 
from the sample circled in (A). (C) top view of the deposited Ni nanofibers. (D) EDS 
data taken from the sample circled in (C). 
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Figure 3-4. Continued 
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Figure 3-5. SEM images and EDS data of the prepared Ag/Ni/Carbon composite nanofibers after 

removal of the alumina template. (A) low-magnification image. (B) high-
magnification image. (C) EDS data taken from the sample circled in (B). (D) EDS 
data taken from the sample squared in (B). 
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Figure 3-5. Continued 
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Figure 3-6. SEM images and EDS data of the sample shown in Figure 3-5 after removal of the 

Ag and Ni nanofibers and alumina template. (A) low-magnification image. (B) high-
magnification image. (C) EDS data taken from the sample in (B).  
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Figure 3-6. Continued 
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Figure 3-7. SEM images of prepared Cu/Ni/Carbon composite nanofibers. (A) cross-section 

image of the sample before removal of the template.  (B) top-view image after 
removal of the alumina template.  
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Figure 3-8. Cyclic voltammetry of the prepared Cu/Ni/Carbon composite nanofibers after 

removal of the alumina template. Scan rate = 10 mV s-1. Scan potential ranges 
between 0 and 3 V (vs. Li+/Li). 
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Figure 3-9. Galavanostatic charge/discharge of the prepared Cu/Ni/Carbon composite nanofibers 

after removal of the alumina template. Current = 60 µA. The potential ranges between 
0 and 1 V (vs. Li+/Li). 
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CHAPTER 4 
TEMPLATE SYNTHESIS OF CARBON NANOTUBES WITH DIAMOND-SHAPED 

CROSS-SECTIONS 

Introduction 

Carbon nanotubes are of great current research interest 12, 39 11, 35, 57, 58, 135, 136 and have been 

proposed for applications in technologies as diverse as lithium-ion batteries,12, 39, 137  fuel cells,12 

actuators,57 and membrane-based separations.11  There are two primary types of carbon 

nanotubes - fullerene tubes prepared by arc discharge35, 36 and laser vaporization37, 38 methods, 

and template-synthesized carbon nanotubes prepared by chemical-vapor deposition of carbon 

within the pores of a nanopore template.11, 12, 39, 57, 58  Fullerene nanotubes always have a circular 

cross-section and cylindrical geometry, and with one recent exception,41 so do template-

synthesized nanotubes.  As discussed in that chapter, it might be useful to prepare carbon 

nanotubes with non-circular cross-sections and non-cylindrical geometries, for example, to 

modify their field-emission properties.41   This realization led these authors to develop a 

template-synthesis technology for preparing carbon nanotubes with a triangular cross-section.  

This was made possible by the use of a novel template membrane that had pores with a 

correspondingly triangular cross-section.41 

While template membranes that have pores with non-circular geometries are unusual, there 

is one technology by which such pores can be routinely prepared.  This is the track-etch 

method,19, 138 provided the material being tracked and etched is crystalline and not amorphous.  

The primary example is track-etched mica, which for reasons that will be discussed below, yields 

membranes that have pores with diamond-shaped cross-sections (Figure 1-2).  Sun et al. 

electrodeposited Ni into the diamond-shaped pores in track-etched mica to obtain Ni nanowires 

with a corresponding diamond-shaped cross-section.24, 25  However, there have been no reports of 

using this approach to prepare carbon nanotubes with diamond-shaped cross-sections.  We report 
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the first examples of such carbon nanotubes here.  A simple chemical vapor deposition method 

was used,11, 12, 39, 57, 58  and we have shown that with this method diamond-cross-section carbon 

nanotubes (DCNTs) with various outside and inside diameters and wall thicknesses can be 

prepared. 

Experiment 

Materials 

Muscovite mica, 10 μm thick, was obtained from Spruce Pine Co (Spruce Pine, NC).  

Damage tracks were prepared in the mica by irradiation with U25+ ions (kinetic energy = 2.2 GeV, 

fluence = 106 or 108 cm-2) using the cyclotron at GSI (Darmstadt, Germany).  An ethylene/helium 

mixture (30% ethylene, Praxair) was used as the CVD-carbon precursor gas.  Hydrofluoric acid 

(~50 wt%, ACROS) was used to dissolve the mica membrane.  Purified water was prepared by 

passing house-distilled water through a Millipore Milli-Q water purification system. 

Preparation of track-etched mica membranes 

Mica membranes with damage-track densities of 106 cm-2 and 108 cm-2 were used for these 

studies.  Aqueous solutions of HF were used to etch these damage tracks to create the pores in 

the mica membranes.  Membrane samples that were ~1.5 cm × ~1.5 cm were etched.  The 

membranes with 106 tracks cm-2 were etched using 10 wt.% HF for 190 min, and the 108 cm-2 

membranes were etched using 20 wt.% HF for 10 min.  Etching was terminated by immersing 

the membrane in purified water for 10 min.  This process was repeated twice, and then the 

membrane was immersed for one hour in purified water.  The membranes were then rinsed and 

left to dry in air overnight before use. 

Preparation of diamond shaped carbon nanotubes (DCNTs) 

The CVD method described in detail previously 11 was used to prepare the DCNTs within 

the pores of the mica membranes.  Briefly, the etched mica membrane was placed vertically into 
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a quartz tube (diameter = 4.5 cm, length = 48 cm) such that the plane of the membrane was 

perpendicular to the length of the tube.  The tube was then inserted into a high-temperature tube 

furnace (Thermolyne 21100) and heated to 670 oC under Ar flow.  When the temperature 

stabilized, the Ar gas was replaced with the ethylene gas mixture flowing at 20 standard cubic 

cm per min (SCCM).   

During CVD, the ethylene thermally decomposed on the pore walls to yield the DCNTs 

within the pores.  Both faces of the membrane were also coated with carbon, but these carbon 

surface films were too thin to block the DCNT openings at the membrane surfaces.  After the 

desired deposition time, the furnace was turned off, the ethylene gas was replaced by Ar, and the 

furnace was allowed to cool to room temperature.  It is worth to mention that previously when 

using alumina templates in CVD, we always had to preheat the alumina to prevent its unwanted 

curling during CVD.11  However, here, we found that mica has much better thermal resistance 

than alumina since mica can withstand temperatures of at least 900 oC without any physical 

deformation.  So the heat pretreatment of mica is unnecessary in this study. 

Structure characterization 

To characterize the structure and morphology of prepared samples, electron microscopy 

was employed including field-emission scanning electron microscopy (FESEM, JEOL 6335F) 

and transmission electron microscopy (TEM, JEOL 2010F).  For imaging DCNTs, two methods 

were used to prepare nanotube samples.  The first entailed immersion of the nanotube-containing 

mica template in 50 wt% HF solution for 16 hr in order to dissolve the template.  The HF was 

then pipetted away leaving bundles of nanotubes connected by the carbon films that had covered 

the mica surface.  The nanotube bundles were rinsed with, and then suspended in methanol.  The 

suspension was ultrasonicated for 20 min to break up the bundles and liberate the individual 

nanotubes.  For FESEM imaging, a drop of the ultrasonicated suspension was deposited onto a 
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piece of copper tape adhered to a standard SEM stub.  For TEM imaging, a drop of the 

ultrasonicated suspension was deposited on a carbon TEM grid.  Prior to FESEM imaging, the 

sample was sputtered with Au/Pd using a Desk ⅡCold Sputter instrument (Denton Vacuum, 

LLC).  The sputtering current was 45 mA, the Ar pressure was 75 mTorr, and the sputtering time 

was 60 sec. This yielded a Au/Pd film that was ~16 nm thick.    

In the second sample-preparation method, an oxygen plasma was used to remove the 

carbon surface film from one face of the mica membrane.  This was accomplished by 

sandwiching the membrane sample between two 3 cm × 3 cm pieces of aluminum foil.  Prior to 

assembly, a 1 cm × 1 cm hole was cut into one of the foils; this hole defined the area of the 

membrane that was exposed to the oxygen plasma.  The assembly was placed with the hole-

containing Al foil facing up in the center of the vacuum chamber of a plasma reactive-ion 

etching system (Samco, model RIE-1C).  The following etch conditions were used: plasma 

power = 100 W, O2 pressure = 300 Pa, O2 flow rate = 30 SCCM, etch time = 30 sec.  After 

etching away the carbon surface film, the membrane was immersed into 50 wt% HF to dissolve 

the mica template.  This yielded a collection of carbon nanotubes protruding from the still-intact 

lower carbon surface film.  The sample was then rinsed with purified water, air-dried, sputtered 

with Au/Pd and imaged with the FESEM.   

Results and Discussion 

Scanning electron microscopy of the mica surface before and after deposition of carbon 

As mentioned in Chapter 1, the track-etch process entails bombarding a thin membrane of 

a dielectric material with high energy particles from a cyclotron or nuclear reactor, to create 

damage tracks in the material, followed by a chemical etch to convert the damage tracks into 

pores.19, 138  When amorphous or partially crystalline materials are track-etched, cylindrical pores 
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are typically obtained.  This can be seen in our polycarbonate template introduced in chapter 1 

and 2 (Figure 1-1 and Figure 2-3A).  However, Mica is a crystalline material, and the etch rates 

are different for different directions relative to the crystal axes.  The slowest etching planes are 

the ones terminated by oxygen.24, 25  As a result of this etch-rate anisotropy, pores etched in mica 

have a diamond-shaped cross-section (Figure 1-2).  We obtained our tracked Muscovite mica 

membranes from GSI (Darmstadt, Germany) and etched the pores using aqueous HF solution.   

As shown in Figure 4-1, diamond-shaped pores can be characterized by the lengths of their 

long and short axes, which we call al, and as, respectively.   In this study, all these dimensions 

were obtained from FESEM images of the membrane surface before carbon deposition (Figure 

4-2).  The cross-sectional area of the pore, Ap, can be calculated from al, as and measured 

included angle θ, as shown in the following Equation 4-1.   

)sin(
2
1 θ××= slp aaA                                           (4-1) 

Ap can then be used to calculate an equivalent diameter (dequiv.) for a cylindrical pore 

having the same cross-sectional area as the diamond-shaped pore, as shown in Equation 4-2 

π
p

equiv

A
d ×= 4.                                                      (4-2) 

The advantage of using dequiv is that it allows for the size of the diamond-shaped pore to be 

described by a single number.  The pores can also be characterized by the values of their major 

and minor angles (Table 4-1). 

We used two different etchant (HF) concentrations, and two different etch times, for these 

studies.  The membranes that were etched with 10% HF for 190 min (Figure 4-2A) yielded pores 

with an equivalent pore diameter of dequiv = 451 nm.  The other relevant parameters for these 

pores are shown in Table 4-1.  The membranes that were etched with 20% HF for 10 min (Figure 
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4-2B) yielded pores with dequiv = 92 nm.  The other relevant parameters for these pores are shown 

in Table 4-1.  The angles for both sets of pores (Table 4-1) are in good agreement with values 

reported in the literature for track-etched mica.24, 25 

A CVD method described in detail previously11 was used to deposit the DCNTs within the 

pores of the mica membranes.  We and others have used this CVD method to deposit carbon 

nanotubes within the cylindrical pores of nanopore alumina templates.  When the alumina 

template is used, carbon nanotubes with the conventional cylindrical cross-section are obtained.11  

In analogy to the alumina-membrane case, the CVD method yields the DCNTs lining the pore 

walls as well as thin carbon surface layers covering both faces of the mica membrane.  Figure 4-

3 shows FESEM images of mica membranes after CVD synthesis of the DCNTs.  The carbon 

surface layers can be seen as the enhanced surface roughness; this is particularly evident in the 

higher magnification images, Figure 4-3B vs. Figure 4-2B.  The same parameters used to 

characterize the pores before carbon deposition can be measured from the images after 

deposition (Table 4-2). 

The DCNTs deposited within the pores can be characterized by two key dimensions - the 

equivalent nanotube inside diameter, dequiv,id, and the equivalent nanotube outside diameter, 

dequiv,od, which is simply the equivalent diameter of the pore into which the nanotube was 

deposited; i.e., dequiv,od = dequiv (Table 4-2).   A longer carbon deposition time (5.5 hr) was used 

for the membranes having the larger equivalent-diameter pores.  As shown in Table 4-2, these 

nanotubes had dequiv,od = 451 nm and dequiv,id = 316 nm.  The difference between these numbers 

provides the effective nanotube wall thickness (Table 4-2).  A shorter carbon deposition time (53 

min) was used for the membranes having the smaller equivalent-diameter pores.  As shown in 

Table 4-2, these nanotubes had dequiv,od = 92 nm and dequiv,id = 58 nm.   
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Dividing the wall thickness by the CVD deposition time provides the average carbon 

deposition rate (Table 4-2).  We found that the average rate of deposition is higher for the 

nanotubes that had thinner walls.  This suggests that the rate of deposition decreases with 

increasing deposition time.  One explanation for this observation is that the mica pore wall is 

acting as a catalyst for carbon deposition.  However, further research will be required before a 

definitive conclusion can be reached. 

Electron microscopy of the liberated DCNTs. 

As discussed in the Experimental section, after CVD synthesis of the DCNTs, the mica 

membranes were dissolved in HF to yield bundles of liberated tubes connected by their carbon 

surface films.  A suspension of the liberated DCNTs was then ultrasonicated to break up the 

bundles.  Figure 4-4 shows the FESEM images of the dried suspension.  From the images, it can 

be seen that some of the DCNTs remained connected by the carbon surface films (Figure 4-4A 

and Figure 4-4C), whereas some were completely separated from the surface films (Figure 4-4B 

and Figure 4-4D).  In both case, however, the well-defined diamond-shaped cross-section of the 

nanotubes is clearly seen.  Furthermore, these images show that the DCNTs are open on both 

ends.  

An alternative approach for obtaining FESEM images of the DCNTs entailed using an 

oxygen plasma to remove one of the carbon surface films and then dissolving away the mica.  

This yielded samples in which the DCNTs were protruding from the still-intact lower carbon 

surface film (Figure 4-5).  These images show that even with the carbon surface film removed 

the DCNTs bundle.  We have observed this phenomenon for nanotubes composed of gold47 and 

conductive polymers.10  Bundling is driven by Van der Waal interactions between the nanotubes.  

Lower magnification images (Figure 4-5A) show that the DCNTs extended through the entire 10 

μm thickness of the mica template.  Higher magnification images (Figure 4-5B) again clearly 
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show the diamond-shaped cross-section of the tubes.  We also confirmed the tubular structure of 

synthesis nanostructured carbon by TEM.  Low (Figure 4-6A) and high magnification (Figure 4-

6B) images in Figure 4-6 indicate that the prepared DCNTs are hollow, and that they have a 

uniform outside diameter and wall thickness down their entire lengths.  Finally, electron 

diffraction data (Figure 4-6C) show that, like the cylindrical carbon nanotubes prepared by 

template synthesis in the nanopore alumina membranes,39  the DCNTs prepared here are 

composed of disordered, graphitic carbon. 

Conclusion 

We have shown that like nanopore alumina, track-etched mica can be used as a template 

material for chemical vapor deposition synthesis of carbon nanotubes.  However, unlike the 

cylindrical pores found in nanopore alumina, the pores in the track-etched mica have a diamond-

shaped cross-section.  As a result, unusual carbon nanotubes having a correspondingly diamond-

shaped cross-section are obtained.  These nanotubes can be characterized by an equivalent 

outside diameter and an equivalent inside diameter, which were measured using electron 

microscopy.   

As is characteristic of template synthesis, the equivalent outside diameter can be varied by 

varying the equivalent pore diameter in the mica template.  The equivalent inside diameter can 

be varied by varying the carbon deposition time.  The smallest nanotubes prepared in these 

studies had an equivalent outside diameter of 92 nm, an equivalent inside diameter of 58 nm and 

an equivalent wall thickness of 17 nm.  Even smaller nanotubes should be possible with smaller 

pore-diameter mica templates.  One possible advantage of using mica as a template membrane is 

that the thickness of the template can be controlled by cleaving the mica.  This should, in turn, 

allow for control of the lengths of the DCNTs.  This could prove important in applications of 

these nanotubes to resistive-pulse sensing.139, 140  We are currently exploring this application. 
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Figure 4-1. Diagram of a diamond-shaped pore in track-etched muscovite mica membrane. al and 

as represent the long and short axes, respectively. θ represents the included angle 
made by al and as. 
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Figure 4-2. FESEM images of the surfaces of track-etched mica membranes.  (A) Track density 

was 106 cm-2.  Etched in 10 wt.% HF for 190 min to yield large equivalent-diameter 
pores (see text).  (B)  Track density was 108 cm-2.  Etched in 20 wt.% HF for 10 min 
to yield small equivalent-diameter pores.  
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Table 4-1.  Characteristics of the two mica template membranes used for these studies. 
 
 
Designation 

 
al (nm)[a] 

 
as (nm)[a] 

 
Major 
Angle[a] 

 
Minor 
Angle[a] 

 
Included 
Angle (θ)[a]

 
Ap (nm2)[b] 

 
dequiv 
(nm)[c] 

Large Pore 749 427 124º 56º 87º 1.6×105 451 

Small Pore 151 88 122º 59º 84º 6.6×103 92 

[a] Measured from FESEM image of mica membrane surface. The included angle (θ) was made 
by al and as. 
[b] Calculated via Ap= 1/2 (al as sinθ). 
[c] Calculated via dequiv= (4Ap/ π)1/2.  dequiv represents the equivalent diameter of a circular  
pore with the same cross-sectional area as a diamond-shaped pore. 
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Figure 4-3. FESEM images of the surfaces of track-etched mica membranes after carbon 

deposition within the pores and on the membrane faces.  (A) A mica membrane with 
large equivalent-diameter pores (Figure 4-2A) was used.  The carbon deposition time 
was 5.5 hr.  (B) A mica membrane with small equivalent-diameter pores (Figure 4-2B) 
was used.  The carbon deposition time was 53 min.   

 

B 
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Table 4-2.  Characteristics of the DCNTs. 
 
 
dequiv,od 
(nm)[a] 

 
al 
(nm)[b] 

 
as 
(nm)[b] 

 
Major 
Angle[b

] 

 
Minor 
Angle[b

] 

 
Included 
Angle(θ)[b] 

 
Ap 
(nm2)[c]

 
dequiv,id 
(nm)[d] 

Effective 
Wall 
Thicknes
s (nm)[e] 

Deposition 
Rate (nm 
min-1)[f] 

451 533 294 125º 55º 91º 7.8×10
4 

316 68 0.20 

92 96 56 123º 57º 93º 2.7×10
3 

58 17 0.32 

[a] From Table 4-1.   
[b] Measured from FESEM image of mica membrane surface after carbon deposition. The 
included angle (θ) was made by al and as.  
[c] Calculated via Ap= 1/2 (al as sinθ). 
[d] Calculated via dequiv= (4Ap/ π)1/2.  dequiv represents the equivalent diameter of a circular pore 
with the same cross-sectional area as a diamond-shaped pore. 
[e] Calculated from dequiv,od and dequiv,id. 
[f] Calculated from the effective wall thickness and the carbon deposition time. 
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Figure 4-4. FESEM images of the liberated DCNTs.  (A) and (B) DCNTs prepared in the large 

equivalent-diameter pores (451 nm).  (C) and (D) DCNTs prepared in the small 
equivalent-diameter pores (92 nm). 
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Figure 4-5. FESEM images of the small equivalent-diameter DCNTs (dequiv,od = 92 nm) 

protruding from the still-intact lower carbon surface film.  (A) low-magnification 
view. (B) high-magnification view. 
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Figure 4-6. TEM images of the small equivalent-diameter DCNTs (dequiv,od = 92 nm).  (A) 

low-magnification image. (B) high-magnification image. (C) Electron diffraction data 
for an individual DCNT. 
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CHAPTER 5 
CONCLUSIONS 

Template synthesis method is a general and powerful tool for preparing nanostructured 

materials.  The objective of this dissertation is to demonstrate the capability of template-

synthesized nanostructured materials in developing advanced miniature solid-state Li-ion 

batteries and to investigate new template-synthesized carbon nanostructures which have great 

potential applications. 

In chapter 2, we discussed the application of template-synthesized nano-electrode materials 

in assembling 3-D nanostructured solid-state Li-ion batteries.  Both nanofibrous V2O5 cathode 

and carbon nanotube anode were prepared and coated with thin layers of polymer electrolyte. 

Two electrodes were then sandwiched to assemble a complete nanostructured Li-ion battery.  

This 3-D nano-battery showed very stable cycling performance and high coulombic efficiency 

when operated at 25 oC.  At 14 μA/cm2 (1C), the discharge capacity decreased 3% and 12% after 

the second and ninth cycle, respectively.  The discharge capacity almost maintained constant 

during the nine cycles under the current of 32 μA/cm2 (2.3C).  The coulombic efficiency was 

calculated as 87% and 84% under the current of 14 μA/cm2 and 32 μA/cm2, respectively.  With 

the increasing currents, the fast capacity decay was observed at 25 oC.  The capacity in the first 

cycle decreased 95% for the current increase factor of 2.3.  By increasing the battery operation 

temperature above the melting temperature of the polymer, the capacity loss was greatly delayed.  

When the current increased from 11.90 µA/cm2 (0.9C) to 60 µA/cm2 (4.3 C), the discharge 

capacity decreased 33% at 67 oC vs.95% at 25 oC.   Our assembled 3-D battery showed the 

dramatically improved rate capability at 67 oC.  The battery can be operated up to ~13C at which 

the commercial 2-D Li-ion batteries failed.  This delayed capacity drop and improved rate 

capability are mainly attributed to the improved ionic conductivity of the polymer complex at the 
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elevated temperature.  In general, in comparison with the traditional 2-D thin-film Li-ion 

batteries and other prototype 3-D Li-ion batteries, our assembled battery showed the unique 

advantages including high cell voltage, superior rate capability and cycling performance 

especially at high temperature.  These advantages benefit form our template-synthesized 

nanostructured electrodes as well as the 3-D battery design.  

Two new carbon-based nanostructures were introduced in this dissertation.  They are 

carbon/metal composite nanofibers and carbon nanotubes with diamond-shaped cross-sections.  

Both nanostructured materials were achieved base on the variation of CVD-template synthesis 

methods.   

Chapter 3 described a catalyzed-CVD-based template synthesis for preparing 

nanostructured carbon/metal composite materials.  The metal nanosegments were introduced by 

electrodeposition within pores of the alumina template.  These metal fibers serve as the catalyst 

and substrate for subsequent carbon deposition inside the pores of the template.  SEM and EDS 

analysis indicated that after removal of the template, prepared materials were freestanding, 

compact and highly dense fibers with the controlled diameters in nano-scale.  Electrochemical 

tests showed Li ions reversibly intercalated/deintercalated in nanofibrous carbon materials 

without adding any additives. Compared to the conventional non-catalyst CVD-based template 

synthesis, this new method provides the following advantages: relatively low CVD temperature 

can be obtained so that the physical deformation of the alumina template is totally avoid; the 

length of carbon fibers can be controlled by altering the length of electrodeposited metal fibers.  

Moreover, by incorporating the electrodeposition method, the varied metal components can be 

prepared for the specific applications.  This composite carbon/metal nanostructure can provide 
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the improved electronic contact between carbon and metal for the possible applications in battery 

electrodes and nanoscale electrical interconnects.  

A new carbon nanostructure with a non-circular cross-section and non-cylindrical 

geometry was synthesized and characterized in chapter 4.  This structure was realized by using a 

new type of template membranes which is track-etched muscovite mica.  Due to the high 

crystallinity of muscovite mica, the track-etched pores in mica always showed diamond-shaped.  

As a result, unusual carbon nanotubes having a correspondingly diamond-shaped cross-section 

were obtained when CVD was performed on these mica templates.  The dimensions of nanotubes 

were characterized by an equivalent outside diameter and an equivalent inside diameter, which 

were measured using electron microscopy.  As is characteristic of template synthesis, the 

equivalent outside diameter can be varied by varying the equivalent pore diameter in the mica 

template.  The equivalent inside diameter can be varied by varying the carbon deposition time.  

The smallest nanotubes prepared in these studies had an equivalent outside diameter of 92 nm, an 

equivalent inside diameter of 58 nm and an equivalent wall thickness of 17 nm.  Even smaller 

nanotubes should be possible with smaller pore-diameter mica templates.  One possible 

advantage of using mica as a template membrane is that the thickness of the template can be 

controlled by cleaving the mica.  This should, in turn, allow for control of the lengths of the 

DCNTs.  This could prove important in applications of these nanotubes to resistive-pulse sensing.  

We are currently exploring this application. 
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